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Abstract
A purpose-built apparatus has been developed to determine 
ethane, pentane and other hydrocarbons exhaled by laboratory 
rodents, as an index of lipid peroxidation. The GC method was 
optimised to decrease interference from the greater 
quantities of acetone in the breath, and methane from the 
gastro-intestinal tract. Administration of phenylhydrazine to 
rat resulted in exhalation of propane and other hydrocarbons. 
These gases, when injected into the apparatus, were 
metabolised faster by mice than rats. Quantitation of ethane 
exhalation provided the most reliable measure of lipid 
peroxidation in vivo because pentane, and other hydrocarbons 
were more extensively metabolised.
Several compounds causing lipid peroxidation in mouse were 
investigated by this method, and the time course and dose 
response of ethane exhalation, and the associated 
malondialdehyde (MDA) production following administration of 
the most potent of these, iron nitrilotriacetate (FeNTA) were 
studied. MDA production was greater, and showed better 
correlation with ethane exhalation, in kidney than liver. 
Administration of FeNTA to rat resulted in greater MDA 
production in liver than kidney and caused haematological 
changes. Histological damage appeared in rat and mouse kidney 
after dosing with FeNTA, and correlated well with ethane 
exhalation; renal tubule brush border marker enzymes were 
also decreased by FeNTA. Some animals treated with Fe NTA 
showed hepatic necrosis.
Sub-chronic administration of FeNTA to rats was compared 
with dietary administration of iron and parenteral iron 
dextran. FeNTA was the most effective and caused severe 
kidney necrosis, loss of hepatic mixed function oxidase and 
glutathione peroxidase activities and haematological changes. 
Buthionine sulphoximine, which depletes glutathione, 
increased Fe NTA-induced lipid peroxidation in rat and mouse. 
Pretreatment with furosemide, desferrioxamine, or hypoxia, 
decreased Fe NTA-induced lipid peroxidation in mouse. Dietary 
vitamin E-deficiency, or BHT supplementation gave equivocal 
results with Fe NTA or tert-butyl hydroperoxide-induced lipid 
peroxidation.
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Abbriaviations
BSO buthionine sulphoximine
BHT butylated hydroxytoluene
BHA butylated hydroxyanisole
CDNB chlorodini trobenzene
Fe NTA Iron nitrilotriacetate
GPT glutamate pyruvate transaminase
GSH reduced glutathione
GSSG oxidised glutathione
MDA malondialdehyde
NTA nitrilotriacetate
PUFA polyunsaturated fatty acids
SOD superoxide dismutase
TEA thiobarbituric acid
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CHAPTER ONE 
GENERAL INTRODUCTION
Activated oxygen species have been implicated in the
mechanisms of several important biological processes in
animals. Many of them are desirable (Williams, 1985)
including the destruction of bacteria by polymorphonuclear
leucocytes (Babior, 1978; Bawdey and Karnovsky, 1980), the
detoxification of drugs and chemicals, and the mechanism of
action of certain anti-cancer drugs e.g. bleomycin,
neocarcinostatin and anthracycline glycosides (Favaudon,
1982). However, many activated oxygen mediated biological
processes are deleterious to the individual, including
 ^ ^  arteriosclerosis (Loeper e_t al., 1983),
diabetes (Granvist and Marklund, 1986), haemachromatosis
(Awai et aJL., 1979), tumour promotion (Troll and Wiesner,
6 * 9 C’Jl
1985) and auto immune-di sea ses such as rheumatoid arthritis 
(Blake et al., 1981) among the most important. Activated 
oxygen species are also involved in the toxicity of numerous 
xenobiotics, and carbon tetrachloride (Brattin et al, 1985), 
menadione (Nicotera et al., 1985b), paracetamol, paraquat 
(Winterbourn, 1983) and phenylhydrazine (Clemens e_t al., 
1984) are among the most widely studied. They are involved in 
processes associated with xenobiotics such as the induction 
of hepatocarcinogenesis by peroxisomal proliferators (Reddy 
and Lalwani, 1983) and alloxan mediated diabetogenicity 
(Grankvist, 1981). Iron in particular may be involved in the 
toxicity of ethanol (Valenzuela et al., 1983). The role of 
transition metals in catalysing the production of active 
oxygen species can not be over emphasised (Halliwell and 
Gutter idge, 1984; Aust et a_l., 1985).
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Activation of Molecular Oxygen
Molecular oxygen mainly exists in a triplet ground state 
( or ^ 2) / with an electron configuration of
KK(2S(7) 2 (2sa*) 2 (2pa) 2 (2p7T) 4 (2p7T* ) 1 (2p7r*) 1 
It has a bond order of two, i.e. it is doubly bonded with one
i
sigma ( (7) bond and one pi (7T) bond, and a bond length of 
1.21 3. As the electrons in the doubly degenerate pi 
anti bonding orbitals (Tr ,) are.: unpaired w 11 h u--i v a 1 l el sn? n . 
the molecule has a spin state (S) of one (S = l/2 + l/2), and is 
consequently paramagnetic. Molecular oxygen can be considered 
a free radical, or more accurately a di-radical, because it 
contains two unpaired electrons. By definition any 
independent chemical species that possesses one or more 
atomic or molecular orbitals containing an unpaired electron 
is a free radical.
Oxygen, on thermodynamic grounds, should be a good 
oxidising agent because of its high, (four electron) 
reduction potential ( E0) of 1.23 V, corresponding to a 
theoretical standard free energy (G^ ) of -475 kj.mol”1 for 
reduction to water with respect to hydrogen. This is a 
consequence of the high electronegativity of oxygen of 3.5, 
which is second only to fluorine among the elements, but 
unlike the latter, molecular oxygen is k i ne t ic al1y quite 
inert at physiological temperatures. The reason for this is 
that during bond forming reactions with most other chemical 
species, one or both of the unpaired electrons of molecular
oxygen become paired. This usually forms products with an 
overall spin state unequal to the original reactants. Such a 
change in spin state is often kinetically forbidden for 
practical purposes at physiological temperatures, because the 
activation energy of the reaction requires a considerable 
component to reverse the spin of one of the unpaired 
electrons.
Singlet Oxygen
Introduction of 94 k J .mo 1  ^ into molecular oxygen by 
direct irradiation with light of wavelength > 45 Onm, or 
indirectly by collision with an irradiated and subsequently 
excited triplet sensitiser (Figure 1.1), will excite one of 
the unpaired electrons to change spin direction, and pair 
with the other in the latters antibonding orbital (Kasha and 
Khan, 19 70). This produces the first excited state ( %lg ) of 
singlet oxygen (102), which has a spin state of zero (S=l/2 + 
-1/2), and is therefore not a radical.
Introduction of 157 kJ.mol”  ^ into molecular oxygen will 
cause one of the unpaired electrons to change spin direction 
and remain, in time, in its original antibonding orbital. 
This produces the second more energetic excited singlet state
1 -ç-t +
(2^3), a di-radical like molecular oxygen. In aqueous 
.solution1!^ decays to ^ g  almost instantly, and 2Ag itself 
has a average life-time of a mere 4 microseconds although it 
is longer in an aprotic solution (Rodgers and Snowden, 1982). 
Freed of any spin conservation restrictions molecular oxygen 
as ^Ag is as reactive as might be expected from its reduction
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potential, and undergoes reactions with rate constants in the 
order of 10 m^ol*"^ .l.s""^ .
Superoxide Radical 
Alternatively, a one electron reduction of molecular 
oxygen to superoxide anion can occur at physiological 
temperatures, if it reacts with another radical in a reaction 
that preserves overall spin state. In biological systems such 
reactions occur at physiological temperatures with 
transition metal ions with unpaired electrons such as iron
(II) as in reaction <1>, copper and manganese, or relatively 
stable organic radicals such as semiquinone s. ' Molecular 
oxygen also readily reacts with more reactive alkyl radicals, 
by addition, forming alkoxy radicals.
<1> Fe2* (S=2) + 02 (5=1) = Fe3+ (5=5/2) + 02~ (5=1/2)
The additional electron in superoxide pairs with one of
the two unpaired electrons increasing the antibonding
character. Consequently superoxide anion has a bond order of 
1.5, i.e. a weaker bond of intermediate character and length
1.2 8 A. The superoxide anion molecule like molecular oxygen
is also a free radical, as a single electron remains unpaired 
in one of the antibonding orbitals. Su nero x i de is vsr-y 
slightly protonated in aqueous solution at physiological pH 
(7.4) in reaction <2> to its conjugate acid the hydroperoxyl 
radical (pKa = 4.8).
<2> 02" + H+ — > H02#
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Hydrogen Peroxide
The hydroperoxyl radical undergoes a one-electron 
reduction with a transition metal ion in reaction <3>, or 
alternatively with excess superoxide in the dismutation 
reaction <4>.
<3> Fe2+ + H02 * — > Fe3+ + H02”
<4> 02t + H02" — > 02 + H02“
The rate constant for reaction <4> is approximately 
2 x 105.l.s-1 at physiological pH, and that for reaction <3> 
is approximately the same. A further protonation step 
produces hydrogen peroxide by reaction <5>. Hydrogen peroxide 
is not a directly activated oxygen species but will be 
considered so, because of its capacity to generate hydroxyl 
radical etc (see below).
<5> H02“ + H+ — > H202
The oxygen-oxygen bond in hydrogen peroxide has a bond order 
of 1, i.e. it is singly bonded with a bond of length of 1.49 
A. The loss of stability associated with the breaking of the 
oxygen-oxygen bond is made up for by the creation of two new
honHc ■f-O 4-VlO +- t.7 hxTZ^ V /'N/'-l <-\ *->(-• T *. -i zi i" ^ ^ J —. i- i- ~ — — -L — L 1 I- - '  '
- --- -----f —  ■' w  » * J  >- y  t • -1^  . a- a. Ill v  i- t»Vl 1 1 U  V  W  1 1 V *  U  "C C l i C t L .  Q. JL JL
its electrons are now paired and subsequently it is neither 
paramagnetic, nor a free radical.
Reaction < 1 >, on thermodynamic grounds is not 
particularly favourable in aqueous solution. Molecular oxygen 
and iron (II) have one-electron of -0.3 3 V (Wood, 19 74;
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I lan e t a 1., 19 76 ) and -0.77 V respectively, which
corresponds to aAG^ of -42 kj.mol"1. Reaction <3> is 
thermodynamically more favourable than reaction <1> because 
superoxide has a one-electron of 0.87 V. Consequently 
reactions <3> has aAG^ of -158 kj.mol”1.
Iron porphyrin complexes may increase the overall 
reaction rate of reactions <1> by linking it to <3> in a 
concerted, two-electron reduction of molecular oxygen which 
is second order wi th respect to iron (Chin e_t a_L., 19 72). A 
ferrous-dioxygen-ferric nucleotide complex has been 
postulated as the initiator of lipid peroxidation by some 
workers (Bucher et. 1983).
Radical Species from Hydrogen Peroxide and Irradiation
Hydrogen peroxide like molecular oxygen undergoes a one 
electron reduction by a transition metal ion, <6> the Fenton 
reaction (Fenton, 1894), producing hydroxide ion and the 
hydroxyl radical. The Haber-Weiss reaction <7> (Haber and 
Weiss, 1934), only proceeds at significant rates with metal 
catalysts. The iron (III) catalysed Haber-Weiss reaction is 
the concerted action of the reverse of reaction <1>, to 
generate the required iron (II), followed by reactions <2> 
through <6>. If it occurs in biological systems it would 
require a source of superoxide and a low molecular weight 
form of iron (III). The hydroxyl radical is also formed in 
the water of biological systems by ionising radiation, 
together with other radical species such as the solvated 
electron (e~g) and the hydrogen atom (Pryor, 1973).
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<6> Fe2+ + H202 '— > Fe3+ + 0H“ + OH"
<7> 02" + H202  > 02 + OH” + OH"
The hydroxyl radical is a very powerful oxidising 
species with a of 2.18 V at physiological pH (Koppenol and 
Lieberman, 1984). It undergoes reactions with rate constants 
in the region of 1 08-l 01 0M”1.s-1 (An bar and Neta , 196 7). In 
fact, the most rapid reactions of hydroxyl radicals are 
probably diffusion controlled. The hydroxyl radical can 
initiate several free radical reactions in lipids, proteins 
and other.biological materials in hydrophilic and hydrophobic 
enviroments.
Superoxide is not very reactive in aqueous solution, its 
main reaction being dismutation. Its basicity and 
nueleophilicity are increased in aprotic solvents because 
reaction <2>, and the subsequent removal of superoxide by 
dismutation is suppressed. However non-enzymic superoxide 
production is less likely to occur in biological membranes 
because reaction <1> is less favourable than in aqueous 
solution as oxygen has a one-electron of -0.57 V in
a nr* n t* in merl i a . v h i n h  n o <-> +- ^  n ' ^ -c i o i, -r~^n”l -c —
reaction <1>. Super oxide can not passively enter membranes 
because it is charged. The hydroperoxyl radical is quite a 
powerful oxidising species, and is uncharged, but is present 
at much lower concentrations than superoxide at physiological 
pH.
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The ferryl ion, ( Fe (IV)=0) may be an intermediate in 
aliphatic hydroxylation by iron and hydrogen peroxide in 
aprotic media (Groves and Van Der Puy, 19 76). Te travalent 
iron is thought to exist in compound I of horseradish 
peroxidase and catalase (Hanson et al., 1981). As this iron- 
oxygen complex is nearly as reactive as the hydroxyl radical, 
and is for most purposes kinetically indistinguishable 
(Koppenol and Lieberman, 1984), it, or something similar has 
been postulated as an alternative initiator of free radical 
reactions (Thomas ejt al., 1985).
A powerful oxidising species analogous to the hydroxyl 
radical was implicated in the bleaching of p-nitroso- 
d i me thyla n ili ne by Sors et al ( 19 79). Complexes of hydrogen 
peroxide and ferredoxin, anthraquinone-2-sulphonate (Elstner 
ejt al., 19 80), adriamycin (Winterbourn, 1981, paraquat 
(Young man and Elstner, 19 81; Winterbourn, 19 8 3 ) and
nitrofurantoin ( Youngma n and Elstner, 19 81) can act as such 
"crypto-OH" radicals". The hydroxyl radical is by far the 
most effective activated oxygen species for inhibiting enzyme 
activity and inducing membrane permeability in erythrocyte 
ghosts (Kong and Davison, 1981). Superoxide is more damaging 
than hydrogen nernvide to proteins while the reverse is true 
for membranes. The hydrated electron and C02“ generated by 
ionising radiation are less damaging specie s. The latter is 
also a minor product of carbon tetrachloride metabolism 
(Conor et al., 19 8 6). The short life times of these radical 
species indicates that pathological action at a distance is
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m a n i fe s ted by relatively less reactive and longer lived 
electrophilic non-radical species (Roders et al., 1977).
Effect of Chelating Agents on Autoxidation
If the iron (II) is being recycled, the rate of 
autoxidation can be increased by chelating the iron to keep 
iron (III) in solution, as it is only sparingly soluble. 
Mult ide nta te chelating agents with predominantly oxygen- 
donating ligands promote the conversion of iron (II) to iron 
(III) as they are more stable with the latter, e.g the 
equilibrium constants for the formation of water soluble 
ni trilotr iacetate (NTA) complexes of iron (II) and iron (III) 
(Figure 1.2) are approximately 10  ^ and 10*^ respectively 
(Anderegg, 1982), and the equilibrium constants for the 
formation of lipid-soluble ace tylace tone complexes of iron 
(II) and iron (III) (Figure 1.2) are approximately 10^ and 
1019 (Stary and Lifijenzin, 1982).
NTA and EDTA promote reactions <1>, <3> and <6>. Iron
(II) diethyl triamine-pentaace tic acid ( DTP A) undergoes some 
of these reactions but will not promote complete autoxidation 
(Ha11i we 11 , 19 78 ). There are disagreements over which 
reactions DTPA inhibits (Cohen and Sinet, 19 82; Buettner et 
al», 1983), but it is probably the reduction of the iron
(III) complex by superoxide in the reverse of reaction <1>. 
To catalyse the production of hydroxyl radical the chelated 
iron complex must have a free coordination site to bind 
hydrogen peroxide (Graf et; al., 1984). Desferrioxamine binds 
iron (III) very tightly, the equilibrium constant for
15
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Figure 1.2
Structures of (1) Glutathione, (2) 4-Hydroxynonenal, (3) Iron Acetylacetonate, (4) 
Iron Nitrilotriacetate, (5) Phenylhydrazine, (6) Phorone, (7) 2-Thiobarbituric Acid- 
malondialdehyde Adduct and (8) Œ-Tocopherol
formation of ferrioxami ne B (Figure 1.3) is approximately 
1 0 ^  ( Ne i la nd s, 1981) , such that it does not promote
reactions <1>, < 3 > and < 6 >. It is used experimentally to 
inhibit autoxidation (Gutteridge et aJL, 1979).
Endogenous Production of Activated Oxygen Species
In addition to the production of radicals by ionising 
radiation or activation of molecular oxygen by transition 
metals in solution (Table 1.1 ( i-ii)), several enzyme systems 
could produce activated oxygen species during inefficient 
catalysis or electron transfer. The extent to which this 
might result in the unrequired partial reduction of oxygen in 
vivo is debatable. The relative rates and deleterious effects 
of most of these reactions in vivo is unknown.
Autoxidation of reduced flavins, either in solution or 
bound to flavoproteins (Table l.l(iii)), may occur e.g. NADH- 
coenzyme Q reductase in mitochondria or NAD(P)H-desaturase 
reductase, NAD PH-cyto chr orne P-450 reductase, and NADH- 
cytochrome bg reductase in the endoplasmic reticulum. Also 
autoxidation may occur with tetrahydropteridine compounds, 
either in solution or bound to enzymes, e.g. tryptophan and 
phenyalanine hydroxylases (Hirata and Hayaishi, 1971).
Several triplet sensitisers are present in the tissues 
of animals, either in solution or bound to proteins, such as 
porphyrins and flavins and their metabolites. Illumination of 
tissues can produce deleterious quantities of singlet oxygen.
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Figure 1.3
Structures of (1) Ascorbic Acid, (2) Buthionine Sulfoximine, (3) Butylated 
Hydroxytoluene (4) terf-Butyl Hydroperoxide (5) Cumene Hydroperoxide,
(6) Furosemide and (7) Ferrioxamine B
Table 1.1
Endogenous Mechanisms of Activated Oxygen Species Production
ionising
(i) H20 + hv    ) "OH + H"
radiation
transition metals
(ii) Fe + o2    > Fe3"1" + 02~,
in solution
flavoprotein
( iii ) 02       > 02t
oxidoreductases
myeloperoxidase
(iv) 02  > 102
and NADPH-oxidase
various protein
(v) 02 ------------------ — > 02"
haem-complexes
ethanol-induced
(vi) 02  > On"
P-450
prostaglandin
(vii) R02H   > ROH + "OH
hydroperoxidase
flavoprotein
(viii) 0=R=0  > “0-R-0*  > 02
flavoprotein
( ix) -N02  > -NO" ------- > 02'
peroxisomal
(x) 02   > H202
metabolism
Based upon Parke and loannides (19 84), with permission,
17
There is some evidence that a small quantity of singlet 
oxygen is produced in the Haber Weiss reaction <7> (Kellog 
and Fridovich, 1975). Singlet oxygen can also be produced 
from ozone photolysis (Gaunthier and Snelling, 1970). 
Hypo chlorite ion, which is generated by the enzyme 
myeloperoxidase, and hydrogen peroxide, produced on the 
dismutation of superoxide generated by leukocyte NADPH- 
oxidase, react to form singlet oxygen in the dark. This may 
be an important reaction in leukocyte destruction of bacteria 
(Bawdey and Karnofsky, 1980; Table 1.1 (iv)). Activated
oxygen species generated by NADPH-oxidase or myeloperoxidase 
are usually beneficial to the organism but a serious problem 
during autoimmune disease.
The mixed function oxidase cytochromes P-450 exist as 
several isozymes/forms of which at least two major groups the 
cytochromes P-448 and P-450 (Lu et al., 1970: Lu et al.,
1972) are discernible by their different properties (see 
chapter 5) and Table 1.2 ;Parke and loannides, 19 84) and in 
particular the spatial characteristics of their active sites, 
(Lewis e_t a_l., 1986). Other unique isozymes / forms are
reported to be induced by clof ibra te and other peroxisomal 
P ^ ^  ^ 1' f*3 r a t o r s ( Tam bu r m i  c t al., 19 84), pregnenolone:—1 uCt— 
carbonitrile (Elshourbagy and Guzelian, 1980) and ethanol, 
benzene or i son iaz id (Ryan e t a1., 19 85). Un fo r tun alely no 
consensus has yet evolved over the nomenclature used to 
describe the individual isozymes/forms, and further 
'cytochrome P-45 01 is used both as the generic name and to
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refer to a subgroup. Dissociation of the cytochrome P-45 0 
iron-oxygen complex during the catalytic cycle can generate 
superoxide, as indeed can dissociation of the oxyhaemoglobin 
and other haem-oxygen complexes (Paine, 1978? Bast, 198 6). 
This may be particularly true of the ethanol-inducible P-450 
isozyme/form (Table l.l(v-vi); Ingel man-Sundberg and 
Johansson, 1984). Prostaglandin hydroperoxidase which 
catalyses the conversion of the hydroperoxy-endoperoxide 
derivatives of arichidonic acid (PGG) to t h e qo r responding 
hydroxy-endoperoxide derivative (PGH) may also generate 
activa ted oxygen species _in vivo (Table l.l(vii): Boyd £_t al 
(1983).
Semiquinones are produced by the one-electron reduction 
of quinones ( 0=R=0 ?Table 1.1 (viii)) e.g. coenzyme Q and 
vitamin K or xenobiotics like menadione. As semiquinones can 
reduce oxygen to superoxide they can have deleterious effects 
in vivo (Fridovich, 1983). Similarly the one-electron 
reduction of compounds containing a nitro group (-NO2 ;Table 
1.1 (ix) can result in superoxide production (Moreno et al., 
19 8 6 ). Possible reducing agents i n vivo include 
oxyhaemoglobin in erythrocytes and reduced NADPH-cytochrome 
P-45 0 reductase in the e nd c pia s m i c reticulum (?«rke anJ 
loannides, 19 84). In this respect the enzyme DT-diaphorase 
may provide a protective mechanism by catalysing the 
alternative two-electron reduction of quinones to stable 
hydroquinones (Lind e_t al_., 1982). Thiols such as glutathione 
(Figure 1.2) and cysteine (Row ley and Halliwe11, 19 82 ? Tien
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e t à.1, f 19 82) and other simple redox compounds can also 
produce superoxide non-enzymically by autoxidation.
When superoxide is generated in aqueous solution its 
dismutation to hydrogen peroxide will follow fairly rapidly 
especially in tissues with high superoxide dismutase (SOD) 
activity. Hydrogen peroxide is probably formed directly 
(Table 1.1 (x) ) in peroxisomes by the flavin oxidases of 
amino acids, fatty acyl-Co A, glycolate polyamine, and urate 
, and NAD-1 inked flavin dehydrogenases (Tolbert, 1981). 
Peroxisomes contain catalase to remove the hydrogen peroxide.
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Table 1.2
Differences Between the Cytochromes P-450
and Cytochromes P-448
Properties Cytochromes P-450 Cytochromes P-448
Reduced CO difference
spectrum absorption 450 nm
maximum
448 nm
Enzymic site Cannot accomodate 
large molecules
Accomodates large 
molecules, like 
substituted 
phenanthrenes
Enzymic activity Oxygenation at 
unhindered C atoms
Oxygenation at C 
atoms in hindered 
positions
Specific substrate Benzphetamine 7-Ethoxyresorufin
Specific inhibitor Metyrapone 9-Hydroxyellipticin<
Physiological
substrates
Xenobiotics,
lipids
Steroids
Tissue
distribution
Principally liver Principally 
extrahepatic
Perinatal
development
Develops in the 
neonate after 
P-448; probably 
induced by 
xenobiotics in 
the diet
Develops in fetus 
before P-450 to 
metabolize steroids
Enzyme induction Induced by drugs
a  /"3 xz a  rt /"x V n  4 4- 4
Induced by
.< * v  * e '-v1' *  sv V  w  w  "
which are small 
molecules. 
Simultaneous 
induction of 
cytochrome P-450 
reductase
which are large, 
usually polycyclic, 
planar molecules.
No simultaneous 
induction of the 
reductase
After Parke and loannides (1984), with permission.
21
Experimental Production of Free Radicals
Chelated iron complexes such as Fe EDTA (McCord and Day, 
19 78), Fe NTA (Goddard et al., 19 86) and iron nucleotide
complexes (Floyd and Lewis, 1983) are often used to 
initiate experimentally radical reactions in biological 
materials i_n vitro (Wills, 1972). The iron is usually kept 
reduced by the addition of an excess of NADPH (to microsomal 
preparations containing NADPH—cytochrome P—450 reductase) or 
ascorbate. Another common method is to add a haloalkane, 
typically CCI4, and NADPH to microsomes to initiate reductive 
cytochrome P-450 metabolism and production of CCI3* (and on 
reaction with oxygen CCI3O2*) radicals, which subsequently 
initiate lipid peroxidation. (Cheeseman e_t al., 19 84) 
Xanthine/xanthine oxidase mixtures are used experimentally to 
generate superoxide in pure systems. The oxidase or (0) form 
of xanthine oxidase is produced during its preparation from 
the predominant form in vivo, the dehydrogenase or (D) form 
(Nakamura and Yamazaki, 19 82; Beedham, 1985). However the 
amount of the (0) form is believed to increase in vivo during 
reperfusion injury, following intestinal (Granger et al.,
1981) or rheumatoid joint ischaemia (Woodruff et al., 1986).
T t  i R  A m  A H -  y  rt f fT\n n o  r» t-11 v-o vtVi i f - v - r .  ■! 4 - ^  j—  1  3
which low molecular weight complexes of the metal are 
responsible for promoting the production of radicals in vivo. 
Iron seems the most likely candidate, chelated by citrate or 
nucleotide phosphates. However, most iron is bound up as haem 
or iron-sulphur centres in proteins, stored in ferritin and
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haemosiderin, or being transported bound to transferrin in 
vivo (Aisen, 19 8 0), where is it probably unable to catalyse 
radical production (Baker and Gebicki, 19 86). Intracellular 
mobilisation of iron is believed to require low molecular 
weight chelates such as citrate. Trace amounts of so-called 
"bleomycin-detectable iron", which is bound to low molecular 
weight compounds, have been found in the synovial fluid of 
arthritic joints and the cerebrospinal fluid of patients with 
juvenile neuronal ceroid lipofuscinosis (Gutteridge et al.,
1982).
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Lipid Peroxidation
Lipid peroxidation is an oxygen-dependent free radical- 
mediated, dégradative chain reaction of polyunsaturated fatty 
acids (PUFA) and their esters. The initiating reaction <8> 
can be performed _in vivo by any powerful oxidising species Xe 
e.g. the hydroxyl radical, which is generated within, or 
gains access to the hydrophobic interior of a biological 
bi-lamellar membrane (LH and L'H represent unspecified and 
interchangeable PUFA esters and hydrocarbon species etc).
<8> LH + Xe — > L* + XH
Once initiated the major propagating reactions are 
hydrogen abstraction (SH2) reactions (Pryor, 19 7 3) <9> and 
<11>, oxygen addition <10> and radical elimination <12>. They 
occur independently of the continued presence of the original 
initiating species Xe. Although the vast majority of 
molecular oxygen is present in the triplet state addition 
reaction <10> occurs readily as there is no spin restriction 
on reactions with lipid radicals (see this chapter, page 10). 
Singlet oxygen present can produce lipid hydroperoxides in 
reaction <13>, the so-called ene-reaction. Low levels of 
* t-mnepheric oxides of nitrogen con induce lipid peroxidation 
if inhaled over long periods (Saga i e_t al_., 19 84). Ozone
could degrade unsaturated lipids to carbonyl compounds via 
ozonide formation which would also generate hydrogen peroxide 
as a byproduct (Dumelin et al., 1978).
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<9> L'H + L* — > L** + LH
<10> L' * + 02 — ^ L'00*
<11> L'00* + LH — > L'OOH + L"
<12>, L" — > LH (unsat) + L"
<13> LH + 102 — > LOOK
The major terminating reactions are ho mo ge n i c 
dimérisations <14>, and <16>, (with oxygen elimination), 
hetereogenic dimérisation <15>, and dismutation <17>.
<14> L* + L1 * — > LL'
<15> L100* + L " — > L'OOL
<16> L100* + LOO* — > LOOL* + 02
<17> L" + L'* — > LH (unsat) + LH'
Once formed lipid hydroperoxide LOOK, and lipid peroxide 
LOOL' are readily reduced and oxidised by iron (II) and iron
(III) in reactions <18> and <19> respectively (R = L' or H).
<18> LOOK + Fe2+ — > LO* + + Fe3+ + 0R“
<19> LOOR + Fe3+ — > LOO* + Fe2+ + R+
Reactions <18> and <19> form the lipoxy and 1 ipoperoxy 
radicals LO* and LOO* respectively. The lipoxy radical LO* is 
more ^active than the 1 i pope rex y radical LOO* and undergoes 
/3-scission elimination reactions which are analogous to <17>, 
except that the unsaturated bond produced is the 0=0 bond in 
the stable aldehyde produced. By supplying reactants for the 
propagating reactions <10> and <11>, iron can re-initiate the 
chain reaction.
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Ethane and Malondialdehyde Production
Some of the mechanisms by which the peroxidation of 
lecithin (phosphatidyl choline) containing esterified 
linolenic acid, which results in ethane and malondialdehyde 
production, are illustrated in Figure 1.4 . The carbon- 
hydrogen (C-H) bonds on C-8 and C-17 of unsaturated 
linolenic acid ester (1) are allylic i.e. slightly polarised 
because of the negative inductive effect of the adjacent 
a-(3 carbon-carbon (C-C) tt bonds. The C-H bonds on C-ll and C- 
14, in the two methylene bridges between the C-C double 
bonds, are doubly allylic because of the synergic inductive 
effect of having two adjacent 7T bonds. Consequently the 
hydrogens of the methylene bridges, and to a lesser extent 
those on C-8 and C-17 can be removed by hydrogen abstraction 
reactions <8>, <9> or <11>.
If hydrogen atom abstraction occurs from C-14, the 
remaining unpaired electron on C-14 and those in the the 
adjacent TT bonds will délocalisé over all five carbons (C-12 
to C-16), to minimise energy by forming a pentadienyl radical
(2). The resonant structures (3) and (4) represent the most 
popular electronic configurations of (2) because they gain
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Consequently products of (3) and (4) tend to predominate on 
autoxidation.
If molecular oxygen is present it can add to either (3) 
or (4) to form conjugated hydroperoxy radicals (5) and (6) 
by reaction <10> respectively. Either of these hydroperoxy
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(7) OOH ▼, I
Fe
(8) 0-+0 H ^ Fe»+
R OO*
4
ETHANE R OOH
OOH + M DA
OOH
Figure 1.4
Mechanisms of Lecithin Peroxidation resulting in Ethane and Malondialdehyde 
production.
R’ = Lysophosphatidyl choline, R:(O H^OOR', LH/L = lipid molecule/radical or other 
promoter. See text for explanation.
radicals, once formed, can abstract hydrogen from LH by 
reaction < 11> forming moderately stable conjugated 
hydroperoxides (e.g. (7) from (5)). The rate of this will
depend on the availability of extractable hydrogen atoms on 
adjacent PUFA esters in the membrane (Porter and Lehman, 
19 82). The hydroperoxide (7) can be reduced by iron (II) by 
reaction <18> producing the lipoxy radical (8) and hydroxyl 
ion. The lipoxy radical (8) undergoes /3-scission in a 
reaction of general type <17> to form the conjugated alkenal 
(9) and an ethyl radical. The ethyl radical will form ethane 
if it reacts with LH by reaction <9>.
Alternatively, if a C-C 7T bond is present in the peroxy 
radical molecule which is (S-y with respect to the peroxy 
radical carbon, as in the case of (6), the peroxy radical 
group can undergo an intramolecular electrophilic addition 
forming a 5-membered ring epidioxide radical (10) (Dahie et 
a_l., 19 62). It was originally thought that malondialdehyde 
(MDA) could be produced by homolyt i c fission of the reduced 
form of (10), followed by two /3-scissions of the proposed 
di-radical intermediate. However, by analogy with the peroxy 
radical cyclisation mechanism for the biosynthesis of
D T O S h ^ n l  A T1 rl 1 n fZ ( ^  n  Cl \ h  w  J —
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(Samuels son, 19 72; Porter and Funk, 19 75), it is now accepted 
that a second intramolecular cyclisation occurs forming the 
allylic bicycloendoperoxide radical (11) (Pryor and Stanley,
1975). Oxygen addition by reaction <10> forms the peroxy 
radical (12) and hydrogen abstraction from LH by reaction
27
<11> produces the hydroperoxy-bicycloendoperoxide (13), the 
iron catalysed degradation of which produces MDA, a 3-carbon 
unit, leaving a 15—carbon unit conjugated hydroperoxide.
Source of Alkanes and Malondialdehyde in vivo
The major volatile hydrocarbons evolved during 
autoxidation are ethane and pentane which are formed from the 
biologically abundant co-3 (e.g linolenic) and cv-6 (e.g. 
linoleate and arachidonate) polyunsaturated fatty acid 
respectively. The mechanism for pentane production from the 
co-6 homologues of (7) is essentially similar to that 
described for ethane above (Evans et al., 19 67; Donovan and 
Menzel, 1978). Other volatile hydrocarbons are produced in 
even smaller quantities during lipid peroxidation. Methane 
and butane can be produced by /5-scission (i.e. without oxygen 
addition) of (3) and its co- 6 homologues respectively. 
Similarly /3-scission of a pentyl radical (ie without 
immediate reduction by LH) can produce ethene by eliminating 
a propyl radical, and after reduction by LH, propane (Dumelin 
and Tappel, 1977). Dimérisation of ethyl radicals to butane 
seems unlikely in vivo due to their low active concentration.
From consideration of the mechanism, it is apparent that 
free radical autoxidation of mono—unsaturated fatty acids 
cannot produce MDA. Nor can hydrogen abstraction from the 
methylene bridge of dienoic acids lead to MDA production, 
because, on oxygen addition, the requirement for a C-C TT bond 
/3-Y to the peroxy radical produced is not fulfilled (Da hie 
et al., 19 62).
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Hydrogen abstraction at C-14 of the linoleic ester 
homologue of (1), with subsequent oxygen addition at C-12 and 
intra-molecular cyclisation could form the epidioxide radical 
homologue of (10) required for MDA production. Nevertheless, 
MDA production from such a diene is very unlikely. This is 
because the hydrogens at C-14 in the linoleic homologue of 
(1) are less easily removed than in (1) for reasons similar 
to those described above for monoenoic fatty acids and alkane 
production, and the product of a second intramolecular 
cyclisation is not an allylic radical similar to (11). 
Consequently it would be relatively less stable and less 
likely to be formed than (11). Indeed, the linoleic ester 
homologue of (11) is approximately 42 KJ.mol  ^more energetic 
than (11) itself (Pryor et al., 1976).
Of the possible precursors of MDA produced by free 
radical autoxidation, hydroperoxy epidioxides are slightly 
more stable than monohydroperoxides. Therefore, it seems 
likely that hydroperoxy bicycloendoperoxides similar to (13) 
are the true thiobarbituric acid-reactive materials formed by 
lipid peroxidation jin vivo, which are subsequently measured 
as MDA production in the thiobarbituric acid (TEA) assay (see 
this chapter, page 40). .....
Interestingly, linoleic epidioxides (generated by 
photosènsitised single t oxygen, rather than free radical 
autoxidation) and hydroperoxy bis-epidioxides (which are 
probably formed from a second similar cyclisation, following 
oxygenation of mono-epidioxide radicals) are also rich
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sources of MDA. Paradoxically, unsatura ted s ix-membered ring 
epidioxides, which are not precursors of MDA, give a positive 
reaction in the TEA assay (Frankel and Neff, 1983). These are 
probably formed Diels-Alder type addition of singlet oxygen 
to conjugated dienes.
Hydrocarbons and MDA are not necessarily only produced 
by lipid peroxidation in biological samples. Ethene is an 
oxidative degradation product of methionine (Lieberman and 
Hochstein, 19 6 6) , while isobutane can be produced from 
leucine (Clemens e_t al_., 1983). Similarly oxidative damage of 
arginine, methionine and glutamic acid (Ambe and Tappel, 
1961), base propenals (products of the bleomycin-dependent 
degradation of DNA? Giloni e_t aJL., 1981), glucuronic acid, 
deoxyr ibose (Gutteridge, 19 82), and N-e-(2-propenal) lysine 
(Draper et al., 19 8 6) can yield MDA in quantity. MDA also is 
produced during enzymatic lipid peroxidation with 
hydroperoxy-heptapolyenoic acids as byproducts of thromboxane 
A (TXA) biosynthesis (Hamberg and Samuels son, 196 7 ;
Diczfalusy, 1977.
Major Products of Lipid Peroxidation
Production of hydrocarbon gas and MDA during lipid 
peroxidation has been intensively studied because they are 
easily measured compared with.most other products (see this 
chapter page 42 and chapter 2. Also, in the case of MDA, 
because it it is also produced during prostanoid metabolism 
( Ha ur and and Ullrich, 19 85). However, they are only minor 
products of lipid peroxidation (Pryor et al., 197 6). Of the
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products so far characterised, saturated and unsaturated 
carbonyl and hydroxy compounds are quantitatively more 
important (Poli e_t a_l. , 19 85 ). Hydroxyalkenals may be 
particularly important in the pathology of lipid peroxidation 
In vivo as they are cytotoxic (Cadenas et al., 19 83). 4-
Hydroxynon-2—enal (Figure 1.2) a product of 15—hydroperoxy— 
arachidonate, depletes glutathione and cytochrome P-450, 
inhibits microsomal aminopyrine demethylase, plasma membrane 
adenylate cyclase, calcium sequestration and nucleic acid 
synthesis (Esterbauer et a^ L, 1986).
4-Hydroxynon-2-enal is metabolised by a liver aldehyde 
dehydrogenase (Esterbauer et a_L, 19 85) but is also
metabolised by glutathione transferase 4-4 (Alin et al.,
1985), and in cardiac tissue the glutathione conjugate 
formed is excreted (Ishikawa et al., 19 86). It is interesting 
to note the structural similarities between the conjugate and 
the physiologically active leukotriene C4 (Hammarstrôm, 
1983). Other compounds formed during lipid peroxidation have 
interesting effects e.g. hydrope roxy-epoxy-octadenoa te acid 
is an uncoupler of mitochondrial respiration (Imagawa et al.,
1982), while 9-oxanonanoic induces hepatic lipid peroxidation
The Metabolic Fate of Malondialdehyde 
The majority of MDA is converted to malonic semialdehyde 
by a mitochondrial aldehyde dehydrogenase and eventually to 
C02 , while some may also be metabolised via malonyl CoA (Siu 
and Draper, 1982; Marnett ert a_l., 19 85). The remainder either
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is excreted in the urine and faeces, or condenses with the 
amino groups of proteins, nucleic acids, and simple primary 
amino compounds in reaction <20> (Nair et al., 1986).
<20>  ^ R“NH2 + MDA — > R-NH-CH=CH-CHO
This is the result of the electrophilic character of 
MDA, which at physiological pH is predominantly present as 
its enolate ion (pKa of 4.48). Its reactivity increases in 
aprotic solvents like lipid bi-layers (Chuaqui-Offermans and 
Chuaqui, 1983). The Schiff-bases produced include fluorescent 
amino-iminopropene by reaction <21> and highly fluorescent 
1,4-d i hyd ropyr id i ne-3,5-d i c arbalde hyde compounds by a series 
of complex reactions (Kikugawa and Ido, 1984).
<21> R-NH-CH=CH-CHO + H^M-R' — > R-N=CH-CH=CH-NH-R'
e.g. During iron deficiency in rats the MDA adduct of 
phosphatidyl serine and phosphatidyl ethanolamine can be 
detected in erythrocyte membranes (Jain e_t al., 19 83). A 
small quantity of the MDA could polymerise, but this seems 
unlikely, as the active concentration would be low in vivo 
(Gutteridge, 1977).
Forme t ion of MDA —adduc ts of Leu xnhib i t.ss enzymes % no 
damages nucleic acids. The function of ribonuclease (Chio 
and Tappel, 1969), haemoglobin, and other proteins is 
impaired by MDA (Kikugawa et al., 1984). However, other work 
suggests that radicals produced during lipid peroxidation are 
more important than MDA in damaging proteins (Roubal, 1971).
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Hydroxyl radicals can fragment proteins at the amide bonds 
and more specifically at proline residues (Wolff et .al.,
1986). MDA is present in fatty foods (Hartman, 1983), and can 
be mutagenic by cross linking DNA (Mukai and Goldstein, 1976; 
Yonei and Fur u i, 19 81), although it is not as mutagenic as 
some related acroleins (Basu and Marnet, 1984). Antioxidants 
decrease the mutagenicity of MDA (Shamberger et al., 1979).
Enzymatic lipid oxidation 
Certain minor products of the uncatalysed peroxidation 
of free PUFAs have developed important physiological 
functions in the course of evolution. This is particularly 
true of arachidonate e.g. PGG and hydroperoxy-eicosatrienoic 
acids (5- and 12-HPETE), and more so their subsequent 
products, such as prostacyclin (Higgs and Moncada, 1983) 
other prostaglandins, thromboxanes and leukotrienes (Johnson 
et al., 19 83 ; HammarstrOm, 1983) The selection of these 
compounds may be the result of slight stereospecific 
preferences for certain reaction intermediates (Pryor et al.,
1976). Many of these reactions involve free-radical 
intermediates and some are catalysed by haem-thiolate enzymes 
e.g. prostaglandin endoperoxidase (Van der Ouderaa et al., 
19 7 9 ) . nr OR t a r yr ]. j n and thromboxane S.ynthase (Ullrich and 
Graf, 19 84). Similarly many of the products of the NADPH- 
linked cytochrome P-450 catalysed mid-chain oxidation of 
arachidonate, (Capdevila et al., 19 81: 01 iw et al., 19 82) as 
opposed toco and co-1 oxidation (Kupfer, 1980) are proving to 
be biochemically active. It is not surprising that when these
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or similar products are produced during pathological lipid 
peroxidation iri vivo they can have serious deleterious 
effects.
Cytotoxic Effects of Autoxidation 
The release of hydrolytic enzymes from ruptured 
lysosome s has been proposed as an alternative mechanism to 
lipid peroxidation iri vivo for producing cell damage. However 
the two mechanisms are not mutually exclusive and lipid 
peroxidation may result in lysosymal enzyme release (Mak et 
a_l., 19 83). Alternatively, lipid peroxidation may result in 
decreased cellular thiols and NADPH due to protective 
glutathione metabolism (see below), which in turn can effect 
the conformation of important proteins with disulphide bonds. 
The calcium-dependent ATPase may be particulainsusceptible to 
inactivation by a reduced cellular sulphydryl content.
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Measurement of Lipid Peroxidation
Lipid peroxidation can be measured by determination of 
the loss of unsaturated fatty acid (May and McCay, 19 68), 
usually arachidonate and the more unsatura ted acids, from 
phospholipids (often the 0-acyl position) by gas liquid 
chromatography (GLC). Alternatively the hydroxyl and carbonyl 
products can be determined by high-performance liquid 
chromatography (HPLC; Lang, 1985; Teng and Smith, 1986), and 
the hydroperoxy-unsaturated fatty acids by gas 
chromatography-mass spectrometry (GC-MS; Hughes, 1986: Kaplan 
and Ansar, 1986) respectively. These techniques give detailed 
information on the reactants and products of lipid 
peroxidation, but are often found to be too time consuming 
and expensive for rapid and repeatable operation (Table 1.3).
As radicals are paramagnetic they can theoretically be 
measured by electron spin resonance (ESR) spectroscopy. In 
practice it is usually necessary to allow the energetic 
radicals of interest to interact with spin trap molecules to 
form longer lived radical species. These can reach a 
sufficient steady-state concentration to produce a detectable 
signal. Although the technique has found most use in 
investigating initiators of lipid peroxidation (Hill and 
Thornalley , 19 83 ; Matsuura, 19 83 ) spin trapping has
demonstrated the high ratio of lipoxy to lipid radicals 
during lipid peroxidation i_n vitro (Rosen and Rauckman,
1981). Parallel advances in nuclear magnetic resonance (NMR) 
spectroscopy technology indicate that ESR might possibly be
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Table 1.3
Major Methods for Measuring Lipid Peroxidation
Measuring the consumption of 
unsaturated fatty acids 
oxygen
Measuring the production of 
alkoxy radicals
hydroperoxy unsaturated 
fatty acids
hydroxy unsaturated fatty 
acids and carbonyl compounds
MDA as thiobarbituric 
acid-reactive material
conjugated dienes
fluorescent products
alkanes especially ethane
chem iluminescence
Analytical equipment 
GLC
oxygen electrode
ESR spectroscope 
(spin traps)
GC-MS
HPLC
spectrophotometer
fluorimeter
gas chromatograph
scintillation counter 
(red sensitive photo­
multiplier is better)
used as a non-invasive method to monitor radical species in 
whole animals iri vivo in the future.
Conjugated Polyenes 
The early appearance in peroxidi s ing material of 
conjugated dienes such as the reduced forms of (3) and (4) 
(Figure 1.4), before oxygen addition, can be detected by 
their absorption at 23 3nm (Recknagel and Goshal, 196 6). 
Similarly, conjugated trienes, including the biologically 
important leukotrienës (Hammarstrôm, 19 83), can be detected 
by their absorption at 28 8nm. Characterisation of the dienes 
in tissue samples is difficult, as they are often masked by 
other biological materials possessing delocalised electrons, 
and they appear as a shoulder on the absorption peak of the 
unconjugated precursor PUFAs. The carbonyl compounds also 
produced during lipid peroxidation absorb in this region. The 
accuracy of this method is improved by examining the second 
derivative of the absorbance spectrum for the minimum peak at 
233nm. Increased conjugated diene production following lipid 
peroxidation has been confirmed by NMR spectroscopy (Corongiu 
19 83), and determination of the product in the 
reaction with the dienophile tetracyanoethylene
D t i n V r s  s f i o l  1 O  7 7 \
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Oxygen Consumption 
In controlled conditions, the uptake of oxygen during 
lipid peroxidation can be measured with a Clark type oxygen 
electrode or some other similar apparatus. This provides a
and Milia, 
Diels-Alder 
(Waller and
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simple method for measuring the rate of reaction. In a 
perfused tissue the relative oxygen consumption during lipid 
peroxidation and respiration can be discriminated by infusing 
an antioxidant in control experiments (Videla, 1984). The 
method is also used to monitor NADPH—oxidase activity during 
the respiratory burst (Babior, 1978) of phagocytosing poly­
morphonuclear leukocytes (neutrophils eosinophils). -
Peroxidase Methods 
Methods have been described which use the peroxidase 
activity of haematin or haemoglobin to reduce lipid hydro­
peroxides. This is coupled to the oxidation of dyes to 
chromophore s, such as dichiorofluoroscin (Cathcart et al., 
19 83), the N-me thylcarbamoyl derivative of methylene blue 
Kanazawa e t a 1 ., 19 8 5 ) , which can be measured
colorimetrieally, or in histological preparations with 2,6- 
dichlorophenolindophenol (Glavind e_t a_l. , 19 49 ).
Hydroperoxides are often estimated in pure samples of lipids 
by reduction with iodide. The iodine formed is estimated by
titration with thiosulphate. Unfortunately other oxidising 
agents predominate over hydroperoxides in heterogenous
biological, samples..
Chemiluminescence 
Ultraweak chemiluminescence can be detected at a round 
4 2 Onm from the decay of excited carbonyl compounds formed 
during lipid peroxidation in reaction <22>.
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<22> >C=0* — > >C=0 + hv
Or during reaction <23>, dimol emission of single t 
oxygen at 6 3 4n m and 7 0 3 n m using a far red sensitive 
photomultiplier tube (Cadenas et al., 1980). However, the 
production of singlet oxygen from the dismutation of sec- 
peroxy radicals though originally thought to be (via a 
tetroxide intermediate in the Russel mechanism; Howard and 
Ingold, 19 6 8 ) , is unlikely to be the source of 
chemiluminescence during lipid peroxidation (Krinsky, 1979? 
Foote, 197 9).
<23> 102 + 102 — > 2302 + hv
Luminol (5-amino-2,3-dihydro-1,4-phthalazinedione) is 
often added to amplify the light output in the visible part 
of the spectrum, so that the photomultiplier tubes of 
scintillation counters (in the out of coincidence mode) 
sensitive in this area ( < 6 OOnm) can be used to detect the 
chemilumi nescence experimentally. However without spectral 
x characterisation of the light output its original source can 
not be confirmed. Excited carbonyls are also produced by the 
decomposition of dioxetanes.
The chemiluminescence method has been applied to 
microsomes, isolated hepatocytes (Boveris e_t a_l., 1981) and 
the surface of whole organs which are perfused, or examined 
in situ after exposure under anaesthetic. Exhaled breath has 
a poorly defined chem ilum i nescent component which may be used 
as a non-i nva s ive index of autoxidation in the future
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(Williams and Chance, 1983). Although polymorphonuclear 
leukocytes exhibit chemiluminescence during the respiratory 
burst following phagocytosis of opsonised bacteria, the light 
production probably originates from the action of activated 
oxygen species on the opsonised protein not the bacterial 
lipids (Babior, 1978).
Thiobarbituric Acid-Reactivity
One of the terminal carbons of MDA, produced by heating 
peroxidi sed lipid in acidic conditions (Bernheim e_t al., 
1948; Ohkawa et^  aJL., 1979), will readily undergo nucleophilic 
attack with the basic C-5 of 2-thiobarbituric acid. Following 
dehydration of the 1:1 adduct, a second molecule of TBA can 
add to the other MDA carbonyl carbon producing a tautomeric 
pink chromophore which absorbs strongly at 532nm with an 8 = 
1.592 x 105 mol”1.cm”1 (Figure 1.2; Nair and Turner, 19 84). 
Certain aldehydes formed during lipid peroxidation also react 
with TBA to form yellow complexes which absorb at 455nm 
(Kosugi and Kikugawa, 1985).
The TBA-MDA adduct is usually extracted in to a non- 
aqueous phase (Mihara e_t a_l., 19 8 0 ) and measured
spectr©photometrically, to give a measure of lipid 
peroxidation. The prostaglandins present will add to the 
control values particularly in serum (Shimizu et al., 1981). 
Recently, analysis of free MDA (Esterbauer and Slater, 1981; 
Csallany et al., 19 84), the TBA adduct (Bird et al., 19 83), 
the diphenyl-TBA adduct (Nakashima e_t al_., 1984) and the
dansyl-hydrazine adduct (Hirayama et al., 1984) by HPLC
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methodology have been reported. Indeed some MDA appears to be 
excreted in the urine and can be determined as a TBA (Draper 
et al., 19 84) or a phenylhydraz i ne adduct (Ekstrôm e_t al., 
1986? Figure 1.2). Accurate measurement of the te tr ame thyl 
acetal derivative of MDA by GC-MS methodology has also been 
described (Frankel and Neff, 19 83). The bicyclo-endoperoxide 
precursors of MDA can be dehydrated by alcoholic base to 
prostaglandin B type compounds. These can be measured by 
their absorbance at 278nm due to the conjugated carbonyl 
structure (Pryor and Stanley, 1975).
Fluorescent Products 
The intra-or inter-chain cross links and other 
fluorescent adducts, formed when proteins or nucleic acids 
react with MDA, can be measured by optical methods (Reiss et 
al»y 1972). This material is generally called lipofuscin or 
ceroid and accumulates with age (Harman, 1981). The 
excitation and emission maxima for proteins and nucleic acid 
MDA adducts are at approximately 39 5-470 nm and 4 60-47Onm 
(Fletcher et a l ., 1973). If the DNA is previously 
radiolabelled, the DNA-MDA adducts can be characterised by 
HPLC methodology (Summerfield and Tappel, 1984). The lysyl 
residues of proteins react with MDA to form (after hydrolysis 
of the protein iji vivo) N-e -( 2-propenal) lysine, which is 
excreted and thus can be determined (alone, or as the ce-N 
acetylated adduct) in the urine by HPLC methodology (McGirr 
et al., 19 85).
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Alkane Production 
When ethene was identified a s 1 a putative hormone in 
plants (Burg, 1962) experiments were performed to determine
its route of formation. Parallel studies on animals resulted 
in the detection of ethane which was associated with 
peroxidi sing tissues. Investigators were quick to realise 
that the non-invasive nature of measuring ethane exhalation 
in vivo, offered possibilities for quantifying lipid 
peroxidation in acute (Riely et al. r 197 4) or chronic long 
term studies. Monitoring hydrocarbon production is clearly 
the most widely used non-invasive method available to study 
lipid peroxidation In vivo. Although recently the 
determination of free MDA or the N-e-(2-propenal) lysine 
adduct in urine has been used as n on-i nva s ive methods to 
measure lipid peroxidation iri vivo (Draper et. al., 1986), and 
the determination of the lysine adduct in particular shows 
some promise. Production of conjugated dienes in liver and 
ethane exhalation show goqd correlation after CCI 4 
a d m i n i s t r a t i o n  (Lindstrom and Anders, 1978). 
Chemiluminescence has been found to increase, in association 
with alkanes, during lipid peroxidation when MDA production 
and conjugated dienes are insensitive (Cadenas e_t al., 1983). 
Indeed, Smith e_t al^  (1982) found chemiluminescence and ethane 
production the most sensitive techniques for measuring lipid 
peroxidation in isolated hepatocyte s. Stacey and Kappus 
(1982) found good correlation between alkanes and 
thiobarbituric-acid reactivity, and suggested measuring both 
when studying metal-induced lipid peroxidation.
Protection from Autoxidation in vivo
Although it is not immediately apparent, -tfa-e major 
defensive strategy against autoxidative injury in most cells 
is the maintenance of many transition metals (when they are 
not required for enzymatic function) as inert complexes with 
high molecular weight proteins, often in high oxidation 
states which are unable to promote oxygen activation without 
prior reduction (Halliwell and Gutteridge, 1986). This is the 
case for iron in transferrin, ferritin and haemosiderin 
(Aisen and Li tow sky, 19 8 0) and extracellular copper in 
caeruloplasmin (Table 1.4). The latter also promotes the 
conversion of iron (II) to iron (III) due to its ferri— 
oxidase activity (Gutteridge and Stocks, 1981).
Secondary to this protective sequestration of 
transition metals are a host of antioxidant enzymes, namely 
ca tala se, the superoxide di s mu ta se s, and enzymes with 
glutathione peroxidase activity, the importance of which is 
indicated by the conservation of their amino acid sequences 
during the course of evolution. Their action is necessarily 
cooperative iri vivo, because SODs are inhibited by excess 
HgOg 3 nd glutathione peroxidase inactivated by excess 
superoxide (Blum and Fridovich, 1985). There are also a 
battery of enzymes with specific repair functions such as DNA 
repair enzymes and protein repair enzymes such as methionine 
sulphoxide reductases (Brot and Weissbach, 1983). Protection 
is probably also manifested by the non-specific activity of 
several proteins with peroxidase activity e.g. haemoglobin.
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Table 1.4
Enzymes and Proteins Providing Protection from 
Autoxidative Injury in vivo
Protective Enzymes and Proteins Probable Role in vivo
superoxide dismutase
catalase
selenium-dependent 
glutathione peroxidase
phospholipase A2
glutathione transferases 
(non-selenium-dependent 
glutathione peroxidase)
NADH-1inked semi- 
dehydroascorbate 
reductase
dehydroascorba te 
reductase
DT-diaphorase
mitochondrial 
aldehyde dehydrogenase
methionine sulphoxide 
reductase
DNA repair enzymes
removes superoxide producing 
hydrogen peroxide in its place
converts hydrogen 
peroxide to oxygen 
and water in the (
peroxisome
cytosol and 
mi tochondrion
releases lipid peroxides from 
their esters in the bi-layer
removes toxic electrophiles and 
lipid peroxides by reaction with 
glutathione
reduces semi-dehydroascorbate 
radical to ascorbate
reduces dehydroascorbate 
to ascorbate
reduces quinones directly 
to hydroquinones
metabolizes malondialdehyde 
formed during lipid peroxidation
repairs oxidised methionine 
residues in proteins
repairs radical damage to nucleic
Wa cû c +- /->
transferrin, ferritin 
and haemosiderin
caeruloplasmin
binds and stores iron (III)
chelates copper and oxidises 
iron (II) to iron (III)
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Several small molecules have antioxidant functions in 
vivo (Table 1.5). There is almost unequivocal evidence for 
the protective functions of ascorbate and glutathione in the 
cytosol and /3-carotene and Qf-tocopherol in membranes. 
Similarly, uric acid (Ames et aJL., 19 81 ; Niki et al.,19 85) 
and 3-N-ribosyluric acid (Smith and Lawing, 1983) may act as 
antioxidants in the cytosol, while the surfaces of liposomal 
membranes may be protected by polyamines (Kitada et al., 
19 82 ; Tandolini e t al., 19 84 ). Interestingly, copper 
complexes of some synthetic polyamines have SOD activity (see 
below; Kimura et al., 19 81).
Superoxide Dismutase 
There are three major types of superoxide dismutase 
enzymes, (Fridovich, 1986). A copper-zinc SOD is present in 
the cytosol and the mitochondrial intermembrane space (Tainer 
e t a 1., 19 83 ), and a manganese SOD is present in the
mitochondrial matrix of nearly all mammalian cells that 
contain organelles. Some prokaryotes possess the manganese 
SOD, while others have a structurally similar iron-containing 
enzyme (Stallings e_t a_l., 1984). The mitochondrial enzyme 
becomes increasingly important in the higher mammals where 
seme activity is also present in the cytosol. Mammalian SODs 
catalyse the dismutation of superoxide with a rate constant 
of approximately 109 M^.s*"1 at physiological pH (Fridovich,
1983). This effectively removes superoxide but replaces it 
with half a molar equivalent of hydrogen peroxide.
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Table 1,5
Small Molecules Providing Protection Against
Autoxidative Injury in vivo
Protective Agent Major Probable Role in vivo
cysteine reacts with toxic electrophiles
glutathione as above (catalysed by GSH transferases) 
.and substrate for glutathione peroxidase 
and dehydroascorbate reductase
retinal
(3 -carotene
quenches and triplet sensitisers
Oi -tocopherol major membrane antioxidant
uric acid aqueous antioxidant
ascorbate as above and interacts with glutathione 
and vitamin E
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ce-Tocopherol (Vitamin E)
Œ-Tocopherol (Figure 1,2) , the major antioxidant in 
biological membranes (Burton, 19 83) , readily undergoes 
hydrogen abstraction from its hydroxyl group. The hydrophobic 
phytal tail orientates (X-tocophero1 so that the hydroxyl 
group protects the surface of the membrane from aqueous 
radicals (Srivastava ejt aJL., 1983). Once the Of-tocopherol
radical is formed propagation and dimérisation is inhibited 
by the methyl groups. This is a common property of hindered 
phenols such as the dietary antioxidant butylated 
hydroxytoluene (BHT; Figure 1.3). Of-Tocopherol and other 
phenolic radicals are not sufficiently energetic to promote 
rapid lipid peroxidation at physiological temperatures. 
(McCay, 1985).
Substituted phenol radicals generally, are relatively 
stable because their electrons are de-localised throughout 
the orbitals of the parent benzene ring. However, cx- 
tocopherol radicals are more stable than other hindered 
phenols (Winterle e_t a_l., 19 84), and slightly more stable 
than 4-methoxy phenoxyl radicals typified by butylated 
hydroxyanisole (BHA) . This is because the fixed position of
4* ^  V*\ ^  m ^  A  W »  Mb «• -l- —  1, . — • — —  t—  — • - T  - - • t -
*. X* ^  kb* M.A 4_ ^  11 ^  ^  1» i a. U  V  L U  I. V  11 U  1 i rr!
ethereal oxygen at 90° to the phenyl ring further enhancing 
the stability of the chromanoxyl radical (Burton e_t al., 
19 8 0). (X-Tocopherol also protects against photosensitised 
phylloerythrin-dependent lipid peroxidation (Slater and 
Riley, 1966).
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Retinal (Vitamin A) and Carotenoids 
Direct protection from photosensitised singlet 
autoxida tion is given by g-carotene and retinal (vitamin A) 
which quench C^>2 / probably by a charge transfer mechanism 
(Smith, 19 83). They also quench excited triplet sensitisers 
e.g. tryptophan, poryphryr ins and flavins./5-Carotene and 
retinal can scavenge and radicals non-specifically which
leads to carotenoid bleaching (Krinksy and Deneke, 1982).
Ascorbic Acid (Vitamin C)
Ascorbic acid (Figure 1.3) can reduce aqueous radicals 
and -tocopherol radicals dissolved in the membrane (Niki et 
a^. ,19 82; Barclay e_t a_l., 19 83 ) in a one-electron reduction 
during which it is oxidised to the semi-dehydroascorbate 
radical (Niki e_t a^. ,19 83 ; McCay, 19 85). The remaining 
electons are de-localised over the C-l to C-3 carbon-carbon 
and carbon-oxygen bonds to minimise energy. The semi- 
dehydroascorbate radical can be reduced back to ascorbate in 
a one-electron reduction by NADH, in a reaction catalysed by 
N AD H-linked semi-dehydroascorbate reductase, or 
alternatively, by itself in a dismutation reaction which 
produces ascorbic acid and dehydroascorbate. Ascorbic acid
A 1 C; r r t i f i n o h o c  c  "i n  n  1 û  4- r\ \r\T n  a  10 1 n  n ■i 4- I-, —
constant of approximately 1 0*^. M- ^ .s” ^ (Bodanne s and Khan, 
19 79? Chou and Khan, 19 83).
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Glutathione and Related Enzymes 
Reduced glutathione (GSH), the tripeptide ^-glutam^l- 
cysteinyl-glycine is syn the tised by the 7-glu tamyl cycle 
(Meister and Anderson, 19 83). It provides protection by 
several mechanisms (Figure 1.5). Cytosolic GSH and other 
thiols can reduce aqueous radicals and Œ-tocopherol radicals 
directly in a one-electron reduction producing thiyl 
radicals (Niki e t a 1. , 19 82; Niki e t a 1. ,1985). The rea ct ion 
may be catalysed by, an as yet un characterised, cytosolic 
glutathione-dependent protective factor (Burk et al., 1983). 
The thiyl radical generally leads to the production of 
oxidised glutathione (GSSG) in oxygenated aqueous biological 
systems (Ross et a1., 19 85). GSSG may also have a radical 
scavenging role in vivo (Pritsos, et al., 1983).
Glutathione peroxidase (Flohe, 1982) is present in the 
cytosol and mitochondrial matrix of mammalian cells. 
It catalyses reaction <24> the reduction of hydrogen peroxide 
to water while simultaneously oxidising GSH to GSSG (Paglia 
and Valentine, 1967). Glutathione peroxidase will also reduce 
fatty acid hydroperoxides if they are released from their 
esters by the action of phospholi pase A2 (Grossman and 
Wendel, 19 8 3), but t-hi r reaction is of . limited importance in 
vivo (McCay e_t a_l., 19 76). A second selenium-dependent
glutathione peroxidase which is probably specific for 
phospholipid hydroperoxides in vivo has been reported by some 
workers (Ursini et al., 1986).
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This selenium-dependent glutathione peroxidase activity 
involves a seleno-cysteine residue at the active site 
(Lade ns te i n e t a1., 19 79). The seleno-cysteine residue is
known to have its own unique codon in the mouse gene for the 
enzyme (Chambers e_t a_l., 19 86). Indeed, maintenance of the 
active enzyme is probably the main role of dietary selenium 
(Reddy and Massaro, 1983). However the protective effects of 
dietary vitamin E and selenium can lit)t solely be explained by 
free radical scavenging and glutathione peroxidase activity 
respectively. In particular, they may also be required by a 
peroxidase coupling factor for w -6 fatty acid desaturation 
(Infante, 1986).
GSH reacts with several toxic electrophiles and free 
radical-generating specie s in reactions catalysed by the 
cytosolic glutathione transferases (Mannervik et al., 1985; 
Guthenburg e_t aul., 19 8 5). and less well studied micr osomal 
glutathione transferases ( Morgens tern £_t a_l., 19 83 . 
Glutathione transferase isozymes 3-3, 3-4 and especially 4-4 
are reactive towards lipid peroxidation products like 4- 
hydroxy alkenals (Alin et al., 1985; Ishikawa, et a l . ,  1986),
Xa7 1 O  H  O  /"t /"N m  m  t-N v* /-x 4- /-\ xr 4 i i  x* 4 w  ^  — — — 7 - ' * î }-•. ! . .  .
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depletion by phorone (Figure 1.2; Cadenas e_t al., 1983). The 
reaction with organic hydroperoxides, and presumably lipid 
hydroperoxides in vivo, is also catalysed by a non-selenium- 
dependent glutathione peroxidase activity found in the 
cytosol (Pierce and Tappel, 1978). This is due to the
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activity of glutathione transferase isozymes 1-1, 1-2, 2-2 
and 5-5 (Ketterer, 1986). Isozyme 7-7 is particulary active 
towards cumene hydroperoxide but inactive towards tert-butyl 
hydroperoxide (Figure 1.3). These isozymes 1-1, 1-2 and
especially 2-2 are induced during selenium deficiency 
(Me hie r t and Diplock, 19 8 5). It is possible that among the 
more recent protective glutathione-dependent enzymes 
described some authors may have observed apparently novel 
enzymes in their laboratories, which nevertheless have been 
previously reported by other workers using different 
nomenclature.
Dehydroascorbate can be reduced back to ascorbic acid by 
GSH in a two-electron reduction producing GSSG (Fleming e_t 
al., 19 83), which is catalysed by dehydroascorbate reductase. 
The concentration of GSSG and covalently bound glutathione 
(Higashi ejt aT., 1985) is kept two orders of magnitude below
that of GSH by the activity of the N ADPH-dependen t 
flavoenzyme glutathione reductase (Carlberg and Mannervik, 
1975). Reducing equivalents for this and other NADPH- 
requiring protective reactions are provided by the pentose 
phosphate pathway or isocitrate dehydrogenase when required. 
Glutathione is . al so j nyp.Ivecl, i,n important enzymic me tabclisrr. 
of PUFA . In particular, GSH is required for leukotriene C 
synthesis (Hammarstrdm , 19 83 ), and is a cofactor for
prostaglandin E isomerase (Miyamoto et al., 1976), and 
possibly prostaglandin endoperoxidase (Eling et al., 1986). 
Inhibitionof glutathione synthesis (Figure 1.5) with the
51
7~ glutamyl cysteine synthetase inhibitor buthionine 
sulphoximine (Figure (1.3) inhibits the production of 
leukotriene C and prostaglandin E synthesis (Rouzer, et al.,
1982) .
Ca tala se, present in erythrocytes and the peroxisomes of 
most mammalian cells pos se si ng organelle s, catalyses the 
reduction of hydrogen peroxide to water and molecular oxygen. 
Some authors have noted that glutathione peroxidase and 
catalase are well suited to their respective enviroments 
within hepatocytes i.e. the cytosol (low tt202 concentration, 
high GSH concentration) and the peroxisome (high H^O^ 
concentration) because their respective Michaelis constants, 
and maximum velocities seem optimised for these conditions. 
However this does not rule out a protective function for 
catalase in the erythrocyte (Akerboom et al., 19 81; Jones et 
al., 1981).
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Aims of Study
The aim of the present studies has been first to develop 
a gas chromatographic method to detect and quantify exhaled 
hydrocarbons from rats and mice placed in a purpose-built 
apparatus and secondly, to use the apparatus to study 
chemical-induced autoxi dation i_n vivo with the most potent 
chemicals at eliciting increased alkane exhalation available.
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CHAPTER TWO
DEVELOPMENT AND VALIDIFICATION OF A GAS CHROMATOGRAPHIC 
METHOD TO DETECT AND QUANTIFY EXHALED HYDROCARBONS
FROM RATS AND MICE
Introduction
The autoxida tion of PUF A produces among other products 
low molecular weight hydrocarbons (see chapter 1, page 26). 
This was originally predicted by Frankel et al., 1961 and 
later confirmed with a pure sample of linoleate by Horvat et 
a_l., 19 64. Ethane produced by peroxidi sing mouse liver and 
brain tissue (Riely e t a 1., 19 7 4) was also detectedin vivo 
and the quantity exhaled correlated with carbon 
tetrachior ide-induced lipid peroxidation measured by the TEA 
assay. Sometimes ethane and pentane were accompanied by 
propane and butane and even isomeric hydrocarbons (Frank et 
a_l., 19 8 0), such as isoprene which has been observed in
human breath (Gelmont e t a 1., 1981a). Measuring alkane
exhalation has been used to study the toxicity of several 
compounds including acetylhydrazine (Burk and Lane, 1979), 
phe nylhyd r az i ne (Clemens e_t a_I_., 19 84) , iron, paracetamol 
(Younes and Siegers, 1985), halome thane s (Sagai and Tappel, 
19 79? Ekstrôm et al., 19 86), ethanol (Foster et al., 19 77) 
and nitrous oxide (Sevenian et al., 19 82; Sagai et al., 1984).
This chapter describes the development of a method to 
detect and quantify exhaled hydrocarbons in the laboratory 
and compares ana contrasts this with techniques used by other 
investigators. Experiments are described to optimise cond­
itions for ethane and pentane determination in the animals 
breath, in the presence of much greater quanti ties of methane 
from the animals gastro-intestinal tract, and polar breath 
components such as acetone which interfered with the analysis.
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The effects of phenylhydrazine administration to the rat 
are briefly investigated, because this agent results in the 
exhalation of several hydrocarbons as a result of its well 
known haemolytic activity (Clemens et a_l., 19 84). Further 
experiments are described to determine the relative value of 
measuring each particular gas as an index of autoxidation in 
viv° in rats and mice. Finally the effects of a series of 
compounds expected to cause ethane exhalation in the mouse 
including halomethanes, organic hydroperoxides and iron 
complexes were investigated.
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Materials and Methods
Adriamycin (doxorubicin hydrochloride) , tert-butyl 
hydroperoxide, citral (3,7-dimethyl-2/6-octadienal) , cumene 
hydroperoxide, corn oil, iron dextran (molecular wt 
approximately approx 5000), phenylhydrazine hydrochloride and 
phorone (di isopropylidene acetone) were obtained from Sigma 
Chemicals L t d , Poole, Dorset, U.K. Anthraquinone, 
bromo tr i chi or ome thane., carbon tetrachloride, disodium 
nitrilotriacetate and iron acetylacetonate were obtained from 
Aldrich chemicals Ltd, Gillingham, Dorset, U.K. 'Carbosorb' 
10-16 mesh soda-1ime, polyethylene glycol (molecular wt 
approximately 400), silica gel, and sodium sulphate 
decahydrate were obtained from BDH chemicals Ltd, Poole, 
Dorset, U.K. Silicon grease was obtained from RS Components 
Ltd, Belgium. Cylinder gases were obtained from the British 
Oxygen Company Ltd, Brentford, Middlesex, U.K.
Hydrocarbon standards and a stainless steel Teflon-lined 
'Valeo' gas sampling valve were obtained from Chromatography 
Services Ltd, Hoylake, Merseyside, U.K. A second stainless 
steel Teflon-lined gas sampling valve was obtained from Pye 
Unicam Ltd, Cambridge, U.K. The 3m x 3mm i.d. precolumn of 
10% PPAP on chromosorb W.AW 80-1 00 mesh, 5m x 3mm i.d. 
porasil ' C  column, the 316 grade 4mm i.d. stainless steel 
tubing and 'Swage1 ok' stainless steel joints were obtained 
from Phase Separations Ltd, Queensferry, Clywd, U.K. 
'Pressurelok' gas tight syringes were obtained from the 
Dynatech Prescision Sampling Corp, Baton Rouge, Louisiana,
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U.S.A. A Capex 2D electrical air pump was obtained from 
Charles Austen Pumps Ltd, Byfleet, Surrey, U.K. The 'OTOX 90' 
oxygen monitor and servo were obtained from Neotronics, 
Wessex Power Technology Ltd, Poole Dorset, U.K. The "6000" 
Gas Chromatograph and the dedicated Vista 4 02 Data System 
were obtained from Varian Associates Ltd, Walton on Thames, 
Surrey, U.K. The chamber, filter, and oxygen electrode 
housing were designed and constructed in the Biochemistry 
Department, of the University of Surrey.
Exhaled Hydrocarbon Determination
Metabolic chamber 
An original system (Figure 2.1A) was constructed from 
glass apparatus with Teflon tubing to minimise leakage and 
surface absorption of alkanes (Hafeman and Hoekstra, 19 77). 
As this first system proved unsatisfactory, sealed pieces of 
tubing made from either PVC, reinforced PVC, soda glass, 
Teflon or stainless steel were investigated for possible loss 
°f C-l to C-5 alkane standards (Lawrence and Cohen, 1982). 
Each tube was fitted with a septum to facilitate sampling by 
gas syringe.
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from stainless steel apart from the silanised glass 
observation plate (Figure 2.IB). This was clamped on to the 
open end of the chamber to seal the animal inside. The system 
had a total volume of 1.2 litres for containing one rat or a 
group of mice. This could be reduced to 0.7 litres for an
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F ig u r e  2.1 (a)  O r ig in a l  g la s s  a p p a r a tu s  a n d ( b )  the  
s u b s e q u e n t  s ta in le s s  s te e l  sys te m .
individual mouse by inserting a 0.5 litre exclusion cylinder 
to take up unnecessary space. These volumes were originally 
calculated by geometry from the construction plans and 
checked by measuring accurately the dilution of standards 
injected via the chamber against equivalent standards 
injected directly onto the column. All pipe fittings used 
leak-free replaceable joints.
An electrical air pump equipped with a Teflon laminated 
piston head circulated air through the system and maintained 
a homogenous atmosphere for sampling (Figure 2.2). The pump 
forced the chamber air at 2 OOml/min over the surface of 10g 
of non-deliquescent self-indicating soda-lime in the filter. 
This increased the rate of carbon dioxide absorption by the 
soda-1i me. The soda-lime was replaced every day as its 
capacity for absorption was limited. No change of the 
impregnated indicator colour showed it had absorbed carbon 
dioxide efficiently until it was replaced. Similarly some 25% 
phosphoric acid, absorbed on a wad of glass wool (Frank and 
Diirk, 19 83) was placed in the chamber to remove any expired 
ammonia. Early studies utilised a cold trap to remove water 
vapour expired from the animal. Though only a problem with
lono snslv.ciic; OP Y~ H C f* H 1 C li7 3 C? /-NTTO V <-1 «'> m n t- V-» ^ 1 — — —
steel apparatus by putting self-indicating silica gel on the 
floor of the chamber. All these scrubbing agents were 
included while calibrating standards in the chamber over long 
periods at low concentration ranges ranges (10-200ppb).
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The stainless steel apparatus was regularly pressure- 
tested for leaks at 2 atmospheres. This was achieved by 
allowing compressed air to enter the chamber through the 
drain. Once isolated, any fall in pressure could be observed 
by opening the tap to the attached pressure gauge. This 
modification made it possible to increase the pressure in the 
chamber during analysis runs if necessary. Compressed air was 
briefly forced under pressure through the drain and out via 
the pressure gauge at 500m1/min while sealing the animal in 
the chamber. This was to replace laboratory air which may 
contain hydrocarbon contaminants at concentrations l-10ppb. 
Internal joints were sealed with Kapsenburg grease (Lawrence 
and Cohen, 1982) which is impervious to hydrocarbons. 
External joints were sealed with silicon grease.
The oxygen concentration within the system was 
maintained by a negative feed back system. An oxygen 
electrode incorporated into the system constantly measured 
the oxygen concentration. The electrode was connected 
electrically to an oxygen monitor. If the concentration fell 
below 20.9% the monitor opened a servo valve, which resulted 
in a unidirectional influx of pure oxygen into the chamber. 
A* the triggering^concentration was quite arbitrary it could 
be fixed at any point between 0-3 5% oxygen. The animals sat 
close to the inlet on a raised metal grill above the floor of 
the chamber.
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Gas Chromatography
An 5 ml sample loop and a six-port 'Valeo' gas sampling 
valve were incorporated into the circulating system adjacent 
to a gas chromatograph. Manipulation of the valve introduced 
the contents of the loop into a constant 3 Oml/min flow of 
nitrogen (Table 2.1). This carrier flow had previously been 
hydrated by passage through a cylinder of sodium sulphate 
decahydrate maintained at 5 atmospheres. The flow was 
immediately directed via a second six-port 'Pye' gas sampling 
valve maintained at 140°C (during isothermal analysis) into a 
precolumn containing a 10% free fatty acid liquid phase on 
chromosorb W.AW. The emergent flow then passed again via the 
'Pye' valve in to a 5m porasil 'C  column for alkane 
separation, and finally to a flame ionisation detector 
(F.I.D.) maintained at 145°C (during isothermal analysis).
Exactly 3 minutes after the contents of the sample loop 
were injected, the hydrated carrier flow was short-circuited 
past the precolumn the desired alkanes having already entered 
the porasil column. This was achieved by manipulation of the 
second valve which simultaneously introduced a second 
alternative unhydrated flow of nitrogen at 3 Oml/min to 
baokfl iiqh t he precolumn ,and remove any unwanted clew moving 
polar contaminants via an exhaust pipe. This manually- 
operated method was originally based on the automated method 
of Frank and Durk, 1983.
Constriction valving was arranged to minimise pressure 
fluctuations and subsequent recorder spiking during the valve
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Table 2.1.
Experimental Details of the G .L.C. Analysis of Alkanes
Temperature program Isotherm al analysis
Operating temperatures
In jector
(Precolumn) 
(A na ly tica l column) 180°C
140°C
140°C
D etector 185°C 145°C
Column oven 50 C x 5 min 
30° C/m  in fo r 1 min
80°C x 4 min 
40°C /m in fo r 1 min 
180°C x 8.5 min 
120°C x 3 min 
40°C /m in fo r 1 min
160°C x 6 min 
40°C /m in fo r 0.5 min
67°C x 30 min 
(ethane to pentane)
35°C x 15 min 
(ethane only)
Gas flow rates
Nitrogen
(Precolumn) 
(A na ly tica l column 
hydrated ca rrie r flow )
Hydrogen
(FID)
A ir
30m l/m in
30m l/m in
200m l/m in
30m l/m in
30m l/m in
30m l/m in
200m l/m in
FID attenuation setting 1 x 10"12A/m V 0.1 x 10"12A /m V
Columns
(Precolumn)
(A na ly tica l column)
10% FFAP on Chromosorb W.AW 
80-100 mesh 3m x 3mm i.d.
Porasil C Porasil C
80-100 mesh 5m x 4mm i.d. 80-100 mesh 5m x 3mm i.d.
Sample loop volume 5 ml 
62
5 ml
operations. The F.I.D. was maintained with optimised flows of 
hydrogen 3 Oml/min and air 200ml/min. Before the sample loop 
was returned to the circulating system, the excess nitrogen 
it contained was allowed to escape, via a tap, to the outside 
air. This was achieved by momentarily isolating the loop in 
mid-turn of the 'Valeo' valve while quickly opening and 
closing the tap.
All the cylinder gases were scrubbed for hydrocarbon 
contaminants before use (Kivits.et al., 1981: Foster et al 
1977) Atmospheric ethane varies in concentration from 0.07- 
3ppb (Blake and Sherwood Rowland, 198 6 ) and is probably 
greater in urban or laboratory air. If the G.C. was 
unprepared for the sample injection e.g. when running a 
previous sample, then subsequent samples were withdrawn from 
the chamber through a Teflon-coated septum in the chamber 
wall for the injection of standards or volatile toxicants. 
Samples were maintained in a gas tight syringe until the G.C. 
was available.
The columns we re ma intained in the ove n of the G.C. and 
analysis performed on several hydrocarbons with a temperature 
program using the porasil column only. Subsequently samples 
were run isothermally at 35VC for the determination of ethane 
alone within 15 minutes, and at 67°C for the determination of 
alkanes from C^-C^ within 30 minutes utilising both columns 
(Table 2.2).
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Table 2.2
The Retention Times of the Hydrocarbons Separated by the 
Temperature Program or Isothermal Analysis
Retention time (min)
Gas
Temperature Program Isotherm al analysis (67 C)
Oxygen 2.1 7.3 1
Methane 2.2 7.5 2
Ethane 2.6 8.3 3
Ethylene 5.6 9.8
Propane 3.8 10.4
Isobutane 6.2 14.3
n-Butane 6.8 15.4
Propylene 13.5 16.2
Neopentane (2,2-dimethylpropane) 21.1
M ethylbutane 9.7 25.4
n-Pentane 10.5 28.7
Acetylene 11.4
Neohexane (2,2-dimethylbutane) 12.3
2-Methylpentane 12.9
n-Hexane 13.5
2-Butene (cis/trans) 17.3
1-Butene 17.5
2-Pentene (cis/trans) 19.4
1-Pentene 19.6
2-Hexane (cis/trans) 22.9
1-Hexane 23.2
Lim it o f detection lOp.p.b. lp.p.1
Notes
1. 8.3 min at 35°C
2. 8.3 min at 33°C
3. 9.4 min at 35°C
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The areas beneath the peaks were integrated with a data 
system dedicated to the G.C. with baseline to baseline 
separations where possible. All the raw data were stored on 
floppy disc (at up to 20 data points per second) for any 
subsequent analysis. The resolution between oxygen and ethane 
was calculated for each analysis to ensure adequate 
separation. Quantities were calibrated with hydrocarbon 
standards in nitrogen to obtain calibration fa cto r s for 
sample runs. To estimate the volume taken up by the animal's 
body in the chamber, killed animals were submerged in water 
and the displacement calculated and compared to their weight. 
The loss of chamber air entailed in sampling was summed to 
the number of consecutive injections. Ideal gas behaviour was 
assumed for all gases.
Validation of Method 
Experiments were performed to optimise chromatographic 
conditions for examining the gases of interest, namely ethane 
and pentane (and later propane). It was verified that the 
system could detect and quantify standard gases injected into 
the chamber at low concentrations. Further the combined 
effect of. the. large quant i t-ie-9 of methane and isothermal 
analysis temperature on the resolution of ethane, and also 
the effect of temperature on the retention time of pentane 
were investigated. This was achieved by performing isothermal 
analyses at various temperatures of a methane, ethane and 
pentane standard mixture dispersed in the chamber. The
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resolution of two peaks is the difference in retention time 
divided by the sum of the peak widths at half peak height.
Other Experimental Procedures
Blood was collected by venepuncture into heparinised 
tubes. Haemoglobin was estimated by the method of Drabkin and 
Austin (1932) following the recommendations of Lewis et al 
( 1978). A micro-method based on the method of Strumina et. cQ 
(1954) was used to estimate the packed cell volume. Blood 
films were stained with May-Grhnwald-Giemsa solution and new 
methylene blue for histological investigation of erythrocyte 
and reticulocyte morphology respectively. Samples of tissues 
for histological investigation were taken immediately after 
sacrifice and stained with ha e ma to xyli n and e os i n, for 
routine biological investigation, or by Peris prussian blue 
to investigate the deposition of iron.
Animals and Treatment 
Male Wi s tar albino rats, 4, 8 and 12-weeks old
(approximately 100g, 175g and 30Og body weight) were obtained 
from the University of Surrey Animal Breeding Unit and male 
CD-I mice, 8-weeks old (approximately 3Og body weight) were 
obtained from Charles River Ltd, Margate, UK and given free 
access to water and rodent maintenance diet (see appendix) 
except during hydrocarbon collection.
To determine the effect of an antibiotic on the 
accumulation of methane produced in the gastro-intestinal 
tract in the chamber, 12 weeks-old male rats were given two
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doses of 4 0Omg neomycin sulphate/kg body wt p.o. over six 
hours (Remmel and Elmer, 19 81). The production of methane was 
measured the day before and the day after treatment.
Having determined that the system could detect and 
quantify standard gases injected into the chamber, 
experiments were performed to detect their production in vivo 
in the reported quantities. In particular, a group of 8-weeks 
old male rats were given saline and then 4 hours later 3 7mg 
phenylhydrazine hydrochloride/kg body weight dissolved in 
10ml of corn oil/kg body weight. These and all subsequent 
injections reported herein were given intraperitoneally. They 
were placed in the chamber immediately after each injection, 
and the exhalation of hydrocarbons was determined over 2 
hours at 0.5h intervals, and finally at 3 hours (Clemens et 
al., 1984). Blood was collected from two other groups of rats 
2 hours after dosing of either saline or phenylhydrazine to 
study the haemolytic effects of phenylhydrazine.
To investigate the rate of metabolism of hydrocarbons 
once they had been produced and exhaled in to the closed 
system, individual rats and mice were sealed in the chamber 
and alkane standards were injected into the atmosphere 
surrounding the animal. The concentration of the gases 
(initial concentration approximately 0.3 ppm) remaining was 
determined at 0.5 hour intervals for 2.5 hours.
Having confirmed that the system was effective at deter­
mining alkane exhalation produced by lipid peroxidation in
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vivo / experiments were performed on individual mice to 
identify which compounds produced the most ethane, so that 
these could be used for further study. Ethane was collected 
from male mice in the chamber over 0.5 hour periods before 
and immediately after administration of either 4 Omg 
( 0.07mmol) adriamycin, lOOmg (0.4 8mmol) anthraquinone1 (1.1 
mmol) tert-butyl hydroperoxide2, 4 40mg (2.2mmol) bromo- 
trichloromethane^, 44Omg (2.2mmol) carbon tetrachloride^, 
63mg ( 0.4 m m o 1) citral^, 16 9 m g (l.lmmol) cumene 
hydroperoxide2, 76mg (0.22mmol) iron acetylacetonate1, 50 0mg 
(9mmol) iron dextran, 24mg ( 0.07mmol) iron nitrilotriacetate 
(Fe NTA), 25Omg ( l.Smmol) phorone^ or 3 7mg ( 0.26mmol) phenyl- 
hydrazine hydrochloride1 per kg body weight. Lipophilic 
compounds were dissolved in 10ml/kg body weight of either 
corn oil (1) or polyethylene glycol (2) per kg body weight.
To prepare the Fe NTA complex disodium nitrilotriacetate 
(0.11M) and O.IM ferric nitrate in 0.5M HCl were mixed in the 
ratio Fe:NTA of 1:1.5 and adjusted to pH 7.4 with solid 
NaHCOg to produce an olive green coloured solution with 
spectral characteristics similar to those described by Awai 
£_t a_l_., (19 82). Freshly prepared solutions were used im me d-
"I 1 \ 7 A  fTt 3  1 O  m  ./*% i v* v"» . / 1^  z*f » * a..* ,-*■ —  » — — — — ■ ' —- *»-- x ^  *  —  sÿ a * w*- — ^  w  ï 1/ ix  ^  Ky v  ^  y  H  V  J. <4 i  a v  ty  A. G  S  L i l w
nitrilotriacetate and acetylacetonate complexes respectively.
68
Results
Stainless steel was used to construct the second system 
as there was no detectable loss of alkane standards from 
sealed tubes. The lighter alkanes either permeated or were 
adsorbed onto the surface of the other materials 
investigated. An unexpected benefit of the stainless steel 
apparatus was the dissipation of heat from the pump, the 
solenoid and the animal. The glass apparatus insulated the 
chamber and the increase in heat stressed the animal. Several 
hydrocarbons could be rapidly determined with a temperature 
programme on the porasil 'C1 column alone (Table 2.2). 
However to obtain maximum sensitivity which was required to 
measure the endogenous levels of alkane exhalation, an 
i so thermal analysis, and the use of a precolumn was necessary 
(Figure 2.3A,B).
Methane produced in the ga stro-intestinal tract was 
found to co-elute with oxygen in the chamber which reduced 
the resolution between ethane and the hybrid methane/oxygen 
peak. At 6 0°C standard peaks of 20 ppm me thane/2 0.9% oxygen 
and O.Olppm ethane were separated for 98%, at which point 
the resolution equalled unity (Figure 2.4). As the 
concentration of methane produced in the chamber did not 
reach 2 Oppm for several hours with the younger rats, 
isothermal analyses were performed at 6 7°C to elute the 
pentane in less than 30 minutes, when its determination was 
required.
69
1
fS
A)
B)
r
o
T
20 25 305
Time after injection (min)
Figure 2.3 Gas Chromatogram obtained of Hydrocarbon 
Standards and of Rat expired air Before and 
After Phenylhydrazine Administration.
A. Chromatogram of hydrocarbon standards:
1 .oxygen (20.9%);2,ethane;3,ethylene;4,propane;
5,isobutane;6,butane;?,propylene;8,neopentane;
9,methylbutane and 10,pentane (0.1 ppm)separated 
isothermally at 67°C.
B. Chromatogram obtained after a rat had been in the 
chamber for 30 min under the same conditions.
C. As for (B)except rat was given 37 mg phenylhydrazine 
hydrochloride /kg body wt. i.p. immediately before- 
entering the chamber.
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Figure 2.4
Effect of varying Isothermal Analysis Temperature on the Resolution of Ethane and 
the Retention Time of Pentane.
Isothermal analyses were performed on chamber air containing 20 ppm methane, 0.1 
ppm ethane and 0.1 ppm pentane to determine the resolution of the ethane peak 
from the hybrid methane/oxygen peak, while simultaneously determining the 
retention time of pentane at various temperatures.
At this temperature the effective number of theoretical 
plates in the porasil ' C  was calculated to be 47.00 for 
pentane and 110 0 for ethane. The capacity ratio for pentane 
had an acceptable value of 5.2 but was sub-optimal for ethane 
at 1.4. For this reason experiments requiring the 
determination of ethane alone were performed at 3 4°C at which 
temperature the peaks were completely resolved (i.e. 
resolution > 1.5).
The rate of methane accumulation in the chamber could be 
greatly reduced by neomycin administration prior to analysis 
(Table 2.3). In these experiments, methane concentrations 
were calculated by subtracting the constant area due to the 
20.9% oxygen component of the hybrid peak. The remaining area 
due to the methane component of the hybrid peak was then 
compared with methane standards run in pure nitrogen.
Administration of phenylhydrazine hydrochloride to 
individual rats caused an increase in ethane and pentane 
exhalation compared to control rates (Table 2.4). In 
addition, even larger quantities of propane were detected. 
Trace quantities o f e the ne, butane and isobutane were also 
identified (Figure 2.3C). It required several minutes before 
gases accumulated in the chamber to quantifiable amounts, 
particularly in control animals. There was a significant 
decrease in whole blood haemoglobin content and packed cell 
volume in association with the hydrocarbon gas production 
after phenylhydrazine treatment (Table 2.5).
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Table 2.3 .
Effects of Neomycin Administration on the
Production of Methane by the Rat
Individual male 12-weeks old rats were placed in the 
chamber to measure methane production the day before and 
the day after two doses of 400mg neomycin sulphate/kg 
body wt were given to the rats p.o. over 6 h.
Cumulative
Time in methane production
chamber
(jumol/kg body wt)
(min )
Before neomycin After neomycin
20 3.5 + 0.5 o u> +
*—1 
o
40 7.2 + 1.2 0.4 + 0.1
60 15.1 + 4.7 0.6 + 0.1
oo
21.5 + 3.4 0.9 + 0.1
Values are the means + S.D. of 4 rats.
Table 2.4
Production of Alkanes in Rats After Administration 
of Phenylhydrazine Hydrochloride
Individual male 8-weeks old rats were placed in the chamber 
immediately after administration of saline (S), and 4 hours 
later 37mg phenylhydrazine hydrochloride/kg body wt i.p. (P). 
Alkane production was determined over 3 0 min intervals for 2 
hours and then finally at 3 hours.
Time in 
chamber
Cumulative Cumulative
methane production alkane exhalation
(min) Ethane Propane Pentane
(jLimol/kg body wt) (nmol/kg body wt)
30
(S)
(P)
0.5 + 0.1 
0.5 + 0.1
2 + 1  
6 + 1
1+1
1 0 + 5
1 + 1 
3 + 4
60
(S)
(P)
0.7 + 0.2 
0.7 + 0.1
3 + 1 
9 + 1
1 + 2 
15 + 4
1 + 1 
1 + 2
90
(S)
(P)
0.9 + 0.2 
0.9 + 0.1
5 + 1 
11 + 2
3 + 2 
20 + 4
2 + 1 
3 + 2
120
(S)
(P)
1.0 + 0.3
1.1 + 0.1
6 + 1 
13 + 2
1 + 2 
20 + 6
1 + 2 
4 + 1
180
(S)
(P)
1.3 + 0.4 
1.6 + 0.1
7 + 2 
16 + 2
4 + 4 
25 + 7
3 + 2  
6 + 1
Values are the means + S.D. of 4 rats.
72
Standards injected into the chamber were removed by 
individual animals at a rate proportional to the logarithm of 
their concentration. The rate of metabolism of pentane, and 
the longer more branched alkanes generally was considerably 
greater than ethane in rats and mice (Figure 2.5). However 
the clearance of all alkanes investigated was greater in mice 
than rats overall (Table 2.6).
In an investigation of a variety of compounds individual 
capacities to induce increased ethane exhalation in the mouse 
over 0.5 hours, adriamycin, anthraquinone, citral, iron 
dextran, phenylhydrazine and phorone had no significant 
effect compared to controls, ter t-Bu tyl and cumene 
hydroperoxides, carbon tetrachloride, br omotr i chlor ome thane 
and acetylacetona te were found to increase moderately ethane 
exhalation in mice at high doses. However iron (III) 
nitrilotriacetate was very effective at increasing ethane 
exhalation even at a low dose, when compared to the others on 
a molar basis (Figure 2.6). Trace quantities of propane were 
also detected in association with ethane in Fe NTA-treated 
mice, but in contrast to the distribution of the gases 
following phenylhydrazine administration to the rat the 
ethane was exhaled in •quantifies- a magnitude greacer.
Light Microscope Observations 
Blood films of phenylhydrazine-treated rats showed a 
marked increase in the degree of poikilocytosis and a slight 
increase in the degree of anisocytosis among the 
erythrocytes compared to saline-treated rats. There was
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Table 2,5
Effects on Haematological Parameters of Acute
Administration of Phenylhydrazine to Rats
Blood was collected from pentobarbitone-anaesthetised 8- 
weeks old male rats by venepuncture 2 h after a single 
dose of either saline or 3 7 m g phenylhydrazine 
hydrochlor ide/kg body wt i.p. to determine the 
haematological parameters below.
Saline Phenylhydrazine
b
Packed cell volume 43 + 2 35 + 1
(%)
a
Haemoglobin (g/dl) 13.4 + 0.4 11.8 + 0.4
Values are the means + S.E.M. of 4 rats.
a, p < 0.05; b , p < 0.01.
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Figure 2.5
Removal of Ethane and Pentane from a Closed Chamber 
by Rat and Mouse.
Individual male animals were placed in the chamber and 
the concentration of ethane and pentane was determined  
at 0 .5 h intervals for 2 .5 h after injection of either 
ethane or pentane into the chamber.
Points represent the means of 3 animals with vertical lines 
showing the S.E.M.
Table 2.6
Removal o f Alkanes from a Closed Chamber by Rats and Mice
Clearance o f standard alkanes from  the chamber 
atmosphere from  in it ia l concentrations o f 0.1 - 0.5 ppm. 
The chamber volume was 1.2 litre s  fo r individual male 
ra ts and 0.7 litre s  fo r individual male m ice. The 
concentration o f each alkane was determ ined at 0.5 h 
in te rva ls over 2.5 h.
Alkane Clearance (1 Rat
h ' V 1)
Mouse
Ethane 0.7 + 0.1 2.5 + 1.5
Propane 3.1+  1.3 10.7 + 0.9
Butane 4.3 + 1.2 12.1 + 1.2
Isobutane 2.6 + 0.4 9.2 + 0.6
D imethylpropane 1.8 + 0.5 4.6 + 1.9
M ethylbutane 4.1 + 0.7 9 .6+  1.2
Pentane 7 .1+  1.8 16.8 + 1.8
Values are the means + S.D. o f 3 animals.
200 -
□  Control
Test Compound
Ethane Exhalation after Administration of Various 
Compounds to Mice
Figure 2 6  Ethane exhalation was determ ined over 3 0  mins before  
' (control) and immediately after (test) administration of 
either 1.1 mmol t-butylhydroperoxide, 1.1 mmol cum ene  
hydroperoxide, 2.9mmol carbon tetrachloride, 2.2mm ol 
bromotrichloromethane, 0 .2 2mmol iron acetylacetqnate  
or 0.07m m ol iron nitrilotriacetate per kg body wt i.p.
Bars represent the means of 4 mice with vertical lines showing the S.EM.
however, no evidence of increased numbers of normoblasts, 
Howell-Jolly bodies or rouleaux formation. in the 
phenylhydrazine treated rats compared to the controls. 
Examination of reticulocyte films demonstrated that Heinz 
bodies were present in the erythrocytes of phenylhydrazine- 
treated rats, but not the rats given saline. There was 
little stainable iron and no evidence of any abnormalities in 
the liver, kidney or spleen of either groups of rats.
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Discussion
The measurement of exhaled hydrocarbons as an index of 
lipid peroxidation in vivo is a very useful experimental 
technique with which to investigate autoxidative injury. 
However, the extremely low levels, particularly of exhaled 
hydrocarbons derived endogenously, cause problems in their 
detection and accurate quantification. Their effective 
concentration prior to analysis can be increased by reducing 
the volume of the metabolism chamber, or by using more than 
one animal. In both cases a minimum volume occurs when 
unacceptable stress is placed on the animals by their 
confinement, and in the latter case only mean comparisons can 
be derived from the data.
The volume can be greatly reduced and gastro-intestinal 
methane eliminated by enclosing only the animals head within 
a neck collar ( Dume 1 i n et al., 19 78), but this seems an even 
greater likely source of stress to the animals than simple 
confinement, and also a possible site for leakage. Excessive 
stress might induce an increased ventilation rate leading to 
variable exhalation of hydrocarbons. The stress would not 
occur with anaesthetised animals but this would suppress the 
ventilation rate reducing the rate of exhalation of 
hydrocarbons. In the present studies normal preening and 
sleeping activity were observed, once the animals became 
acclimatised to the chamber, so it is unlikely that the 
ventilation rate was affected.
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As the expired air was recirculated to accumulate the 
exhaled hydrocarbons the concentration of C02 increased. 
Efficient removal of C02 was essential because high 
concentrations stimulate the medulla to increase ventilation, 
and the Bohr effect increases oxygen release from haemoglobin 
to the tissues, which affects the rate of lipid peroxidation 
and ethane production (Cohen et al., 1982). Solid C02
absorbents are preferred to liquids despite poorer 
efficiency, as they are unlikely to release either toxic 
aerosols which are inhaled by the animal, or non-volatile 
compounds which interfere with the chromatographic analysis 
(Hafeman and Hoekstra, 1977).
Using a cold trap to remove water vapour was abandoned 
because it condensed the exhaled pentane (boiling point 36°C) 
before analysis. However, unless expired water vapour was 
removed with silica gel on longer experiments on rats (over 2 
hours), the relative humidity increased within the chamber 
stressing the animal and interfering with, the chromatography. 
Animals dosed with hepa totoxi c chemicals exhaled ammonia 
which reached toxic concentrations if it was not removed by 
the phosphoric acid placed in the chamber for such a purpose 
(Frank and Dijrk. 198.3)- Anaesthetics v/ould also probably 
complicate the chromatographic separation if exhaled, and 
might compete in the metabolism of the hydrocarbons in vivo 
( Frank e_t a_L., 19 80).
The concentration of exhaled hydrocarbons can be greatly 
increased by selective trapping. Though this increases both
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cost and the complexity of the apparatus and is difficult to 
optimise for all the exhaled gases simultaneously. Selective 
trapping is also advantageous because the chamber gases need 
not be recirculated, after the hydrocarbons are removed from 
it by adsorption onto the trapping material. Therefore 
exhaled carbon dioxide, etc, need not be removed and the 
oxygen replaced.
Activated alumina adsorbs pentane efficiently from 
expired air at -80°C (Dillard et al. , 19 77 ). It can be 
rapidly desorbed by heating to 7 0°C at which point the flow 
is injected on to the G.C. Unfortunately, ethane is only 
partially absorbed at such low temperatures on activated 
alumina. At more experimentally accessible temperatures, 
ethane is fully absorbed on activated charcoal, from which it 
can be rapidly desorbed by flash heating. Pentane is 
preferentially absorbed on to 'Tenax' at these temperatures, 
such that a mixture of activated charcoal and Tenax adsorbs 
ethane and pentane at 2 0°C and desorbs them at 18 0°C 
(Lawrence and Cohen, 19 8 2). However this mixture may not be 
the best agent for other hydrocarbons such as propane.
As an endogenously exhaled gas accumulates within a 
closed system its rate of removal by metabolism increases 
logarithmically such that a concentration is reached where it 
remains in equilibrium. If this concentration is below the 
limit of detection of the gas' chromatographic analysis 
without selective trapping, the gas will not be detected 
regardless of how long the experiment is performed.
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Consequently it was imperative to maintain a high signal to 
noise ratio to improve sensitivity.
Isothermal analysis and prior hydration of the carrier 
nitrogen flow greatly improved sensitivity (Frank et al.,
1980). The precolumn was effective in adsorbing exhaled polar 
compounds derived endogenously, and the metabolites of 
toxicants (e.g. acetone and chloroform respectively) which 
interfered with the chromatographic analysis (Frank and Dlirk, 
1983). The system used a large injection loop volume to 
increase the concentration of the sample. Such a volume of 
5ml was acceptable with the large void volume of the 8 meter 
column system. Injecting directly from the circulation onto 
the column with a gas sampling valve improved accuracy.
The injector and detector temperature were kept high to 
avoid peak broadening due to alteration of porasil ' C  
humidification at the column tip. FID has been used 
invariably to detect hydrocarbons in breath. They combine a 
high sensitivity (0.01 coulombs per gram) for carbon with a 
negligible response to oxygen, ammonia and other sample 
contaminants. However, despite the drop in sensitivity for 
oxygen, its much greater concentration of 209 000 ppm ensured 
it was the largest peak on the chromatogram (Figure 2.2). The 
ultra low concentration of hydrocarbons in exhaled breath 
(approximately 1-1Oppb) requires maximum sensitivity for 
detection (Wade e_t a_l., 19 85). Indeed the detection of
concentrations in the region of 1-10 ppb requires setting the 
electrometer to the limit of its detectivity.
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The accumulation of methane produced in the gastro­
intestinal tract in the chamber and, its subsequent 
interference with the resolution of the ethane peak from the 
oxygen peak were difficult problems to overcome, in what was 
otherwise a straightforward separation. Administration of the 
antibiotic neomycin was very effective in reducing the rate 
of methane accumulation within the chamber, but the treatment 
was not used in other experiments as it had a debilitating 
effect on the animals.
It has been suggested that the main source of pentane in 
the breath is due to bacterial action on linoleate in the 
diet (Gel mont e_t a_l., 1981b). Clindamycin an antibiotic
active against Gram +ve bacteria is reported to suppress its 
production. In the present studies, neomycin had no effect on 
the endogenous pentane production (results not shown) nor did 
phenylhydrazine treatment effect methane production although 
it increased the exhalation of alkanes (Table 2.5). These 
results indicate that methane is an index of bacterial action 
in the gastro-intestinal tract and is unrelated to alkane 
exhalation as an index of lipid peroxidation in vivo.
Phenylhydrazine slowly autoxidises in aqueous solution 
to produce superoxide and subsequently hydrogen peroxide by 
dismutation of superoxide. Methaemoglobin (following reaction 
with hydrogen peroxide) and oxyhaemoglobin both react with 
phenylhydrazine to produce more superoxide (promoting a chain 
reaction), and highly reactive phenyldiazine radicals, which 
can, in turn eliminate nitrogen to form phenyl radicals
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(Goldberg e_t a_l., 19 76). Alternatively, phenyldi az ine may 
dismutate to form reactive benzene diazonium ions (Misra and 
Fridovich, 1976).
Phenyl radicals can be trapped during phenylhydrazine- 
induced haemolysis in the cytosol but only lipid derived 
radicals are found in the membrane (Hill and Thornalley, 
1983). Consequently it is not clear whether aromatic radicals 
or activated oxygen species directly initiate the lipid 
peroxidation. Particularly as acetylhydrazine (Burk and Lane,
1979), and even hydrazine alone (results not shown), can 
induce increased alkane exhalation in rats, and slightly 
increase fluorescent products in rat erythrocyte membranes in 
association with haemolysis (Jain and Hochstein, 1979).
Further, there is disagreement about whether perturbations of 
membrane fluidity, cell lysis (Rice-Evans and Hochstein,
1981) and spectrin cross-links in the membrane are caused by 
lipid peroxidation and subsequent MDA adduct formation, or by 
glutathione depletion (Etukudo e_t a_ly, 19 84) and di sulphide 
exchange reactions between spectrin and Heinz body protein 
(denatured haemoglobin which has precipitated) bound to the 
plasmalemma (Vilsen and Nielsen, 1984).
Phenylhydrazine administration results in the increased 
exhalation of hydrocarbons in the rat ix\ vivo, and their 
increased production _in vitro when added to erythrocytes, in 
association with haemolysis (Clemens e_t a_l., 1984). The
hydrocarbon production is probably mediated by
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phenylhydrazine—derived activated oxygen rather than organic 
radical specie s as hydrogen peroxide also results in the 
liberation of ethane, propane, and pentane (with ethylene, n- 
butane and isobutane) from erythrocytes when added in vitro 
(Cleme ns e_t a_l., 19 83).
Clemens et ,al_. (19 83) postulated that the majority of the 
propane is not produced by lipid peroxidation (see chapter 
1, page 28), but by peroxidation of the haemoglobin protein. 
In agreement with this they found ethane and pentane were not 
formed when H2O2 was added to haemoglobin or erythrocyte 
haemolysates, but were formed in greater quantities than the 
other hydrocarbons when H2O2 was added to erythrocyte ghost 
membranes. This is not strictly true as more ethylene was 
formed than ethane (but less than pentane) from erythrocyte 
ghost membranes. However Clemens et al (1983) postulated the 
ethylene might have been predominantly formed from 
methionine residues of the membrane proteins in the 
erythrocyte ghosts. These authors showed isobutane could 
originate from leucine degradation, so possibly propane and 
n-butane could be derived by autoxidation of valine and 
isoleucine residue side-chains by a similar mechanism.
Investigation of the effect of phenylhydrazine 
administration on the exhalation of hydrocarbons by rats 
demonstrated that the system could detect and quantify a 
selection of gases at low concentration. However, it was 
clear, at least in the endogenous case, that the rate of 
accumulation of the gases in the chamber was also affected by
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their subsequent metabolism ( Frank et aJL., 19 80). Further 
investigations into the rate of metabolism of standards 
showed that metabolism increased with increasing chain length 
and decreased with increasing branching. Indeed the clearance 
of hydrocarbons (Table 2.6) correlates broadly, as would be 
expected, with their rates of hepatic microsomal 
hydroxylation (Fromme r et al., 19 70). Pentane has been
reported to be rapidly metabolised in a reconstituted system 
containing ethanol-inducible cytochrome P-450j from rat liver 
and may well be an important substrate iri vivo (Terelius and 
Ingelman-Sundberg, 19 86).
The clearance of each gas is probably greater in mice 
than rats, because of the increased rate of oxidative 
metabolism in the former. The standards were injected at a 
concentration a magnitude greater than that produced 
endogenously in the chamber, so as to limit interference from 
gases exhaled by the animals. However, metabolism is not 
saturated until the alkanes reach concentrations of 
approximately 1000 ppm in the surrounding atmosphere (Filser 
et al., 1983).
The rapid rate of pentane metabolism explains why the 
higher concentration of precursor w -6 than O)-3 unsaturated 
fatty acids (see chapter 1, page 28) found in most biological 
membranes is not reflected in the ratio of exhaled pentane to 
ethane (Kivits e t a 1., 1981). Inhibition of pentane
metabolism by compounds such as ethanol during acute 
administration would lead to increased exhalation of pentane
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which might be misconstrued as evidence of ethanol-induced 
lipid peroxidation (Terelius and Ingelman-Sundberg, 1986). 
Indeed monitoring the rate of pentane metabolism has been 
suggested as a non-invasive method of determining the state 
of liver function by Remmer et al ( 19 83). For this reason a 
free radical generator, which does not require microsomal 
metabolism for its activity, would be a preferable model 
compound to investigate lipid peroxidation by alkane 
exhalation (Filser <et a_l., 1983).
Ethane exhalation by the mouse was used to screen 
several possible compounds which were believed to cause lipid 
peroxidation .in vivo. Ethane was chosen because inhibition of 
endogenous metabolism (by lipid peroxidat ive damage of the 
liver) was unlikely to cause a large increase in exhalation 
(over and above that due to lipid peroxidation per se). The 
mouse was chosen because if metabolism was required to 
generate free radicals prior to lipid peroxidation this would 
probably occur fastest in the species with one of the 
greatest overall rates of metabolism.
The induction of increased alkane exhalation by carbon 
tetrachloride administration has been reported by several 
groups (Riely et al., 19 74 , Frank and Diirk , 19 83 ). An
equimolar dose of bromotrichloromethane resulted in a greater 
increase in ethane exhalation (Saga i and Tappel, 19 79) 
because lipid peroxidation in_ vivo is related to the rate of 
reductive cytochrome P-4 5 0 metabolism of the haloalkane, 
which is inversely related to the required bond dissociation
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energy (Slater and Sawyer, 1971). tert-Butyl and cumene 
hydroperoxides would be expected to initiate lipid 
peroxidation by producing alkoxy and alkylperoxy radicals in 
redox reactions in vivo promoted by either endogenous low 
molecular weight iron or by an enzymic mechanism (see chapter 
1 page 25). Similarly administration of nitrilotriacetate and 
acetylacetonate iron complexes would initiate lipid 
peroxidation by oxygen activation following enzymic reduction 
or alternatively simply by degrading preformed lipid 
hydroperoxides.
If the greater 1ipophilicity of cumene hydroperoxide 
compared with tert-butyl hydroperoxide was responsible for 
its increased capacity to induce ethane exhalation, 
presumably by placing it in proximity with the precursor PUFA 
(or possibly membrane reductases if required), a similar 
relationship was not evident with the iron complexes of 
nitrilotriacetate and acetylacetona te where the reverse was 
true. As Fe NTA was found to be by far the most effective 
compound on a molar basis at inducing ethane exhalation it 
was chosen for further studies.
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CHAPTER THREE 
INDUCTION OF AUTOXIDATIVE TISSUE DAMAGE BY ACUTE 
ADMINISTRATION OF IRON NITRILOTRIACETATE
TO RATS AND MICE
Introduction
Fe NTA was shown to be a potent initiator of lipid 
peroxidation in vivo compared to other compounds in chapter 2 
as evidenced by ethane exhalation. This has been previously 
demonstrated by Goddard and Sweeney (1983). The detection of 
thiobarbituric acid-reactive material, ethane production and 
chemiluminescence in rat liver homogenates or hepa tocytes 
suspensions after addition of Fe NTA in vi tro, or after 
intraperitoneal injection before preparation has also been 
reported ( Yam a no i et ail., 19 84 ; Goddard e_t al. , 19 86 ).
Similarly, the appearance of conjugated dienes in liver 
mitochondrial fractions prepared from rats injected with Fe 
NTA (Bacon e_t a_l., 1983), and increased liver MDA production
in groups of mice injected with Fe NTA (Goddard and Sweeney, 
1983), also indicate the induction of lipid peroxidation in 
vivo by this agent. Some of these indices have been disputed 
(Tanegra s, 19 83).
A single injection of the Fe NTA complex is toxic to 
rats at low doses (Awai et al., 1977) and at even lower doses 
to mice (Goddard et aJL., 1986). It can be diabetogenic when 
administered sub-chronically to rats (Awai, 19 79; May et al.,
1980), and rapidly induces a marked hyperglycaemia (Yamanoi 
et al., 19 84). Further, Fe NTA greatly impairs renal function 
producing kidney necrosis when administered sub-chronically 
to the rat (Hamazaki e_t al^ ., 1985), eventually inducing renal 
adenocarcinoma (Okada and Midorikawa, 19 82). Fe NTA raises 
serum hepatic enzyme levels indicating it is also
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hepatotoxic ( Yamanoi e t a^ l^ . , 19 8 2 ). The chronic
administration of Fe NT A has also been proposed as an 
experimental model for haemochromatosis (Awai, 1979), because 
it preferentially loads liver parenchymal cells with iron 
( Parmley e_t a_l., 1981).
In this chapter further studies are described on the 
role of lipid peroxidation in the acute toxicity of Fe NTA. 
The dose dependence and time response of ethane exhalation 
and the production of thiobarbituric acid-reactive material 
in vivo following acute Fe NTA administration in the tissues 
of rats and mice have been investigated, and correlated in 
individual animals with tissue damage assessed 
histologically. The effects of acute administration of Fe NTA 
on some haematological parameters and renal tubule brush 
border enzymes of the kidney are also investigated.
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Materials and Methods
Desferrioxamine B mesylate was obtained from Ciba-Geigy 
Ltd, Horsham, West Sussex, UK. Aminodiol (2-amino-2-methyl-
1.3-propanedi ol), BHT (3 ,5-di-tert-bu tyl-4-hydroxytoluene), 
diethanolamine (bi s(2-hydroxyethyl)amine), disodium para- 
nitrophenol phosphate, L-'y-g lu tamyl-p-n i troanil ide and 
glycylglycine were obtained from Sigma Chemicals Ltd.
1.1.3.3-Te trame thoxypr opa ne and 2-thiobarbituric acid were 
obtained from BDH Chemicals Ltd. A Varian '2200' 
spectrophotometer was obtained from Varian Associates Ltd 
(see also page 5 7).
Determination of Thiobarbituric Acid-Reactive Material
Animals were killed by cervical dislocation and livers 
and kidneys rapidly removed. Tissue samples ( 0.25g) were 
immediately homogenised in 2.25ml cold 0.1M potassium 
phthalate buffer, pH 3.5 (Gutteridge, 19 82). Aliquots of the 
fresh homogenate (0.4ml) were mixed vigorously with equal 
volumes of phthalate buffer pH 3.5 and 1% (w / v )
thiobarbituric acid in 0.05M NaOH. The samples were capped 
and heated in a boiling water bath for 20 minutes and.after 
cooling, the chromophore was extracted in to 1.2 ml of n- 
butanol (Mihara et. a_l., 1980).
Standards prepared from 1,1,3,3-tetramethoxypropane were, 
used to calibrate the formation of 0-3 0 uM MDA under the 
assay conditions. The extracts were scanned from 5 00-600 nm 
in a spectrophotometer to determine the absorbance at 532 nm.
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The preparation of homogenates and subsequent manipulations 
were performed on ice as quickly as possible to minimise1 post 
mortem lipid peroxidation iri vitro.
Other Experimental Techniques 
Alkaline phosphatase and ^~glutamyl transpeptidase were 
determined in kidney homogenates by the methods of Hausamen 
et al (1967) and Szarz (19 69) respectively. Plasma glutamate 
pyruvate transaminase (GPT) activity was determined by the 
method of Wroblew ski and La Due ( 19 5 6 ). Protein was 
determined by the method of Lowry e_t a_l (1951). 
Haema tolog i cal parameters were determined, and histology was 
performed as previously described (see page 6 6 ). 
Hi stopa tholog i cal assessment of any damage was assigned blind 
and graded on a scale of one to five for rank correlation.
Animals and Treatment 
Female and male CD-I mice, 8-weeks old (approximately 
25g and 3 Og body weight) were obtained from Charles River 
Ltd. Male STR/ORT mice (approximately 35g body weight) were 
obtained from Olac Ltd, Bicester, Oxon, U.K. Male Schneider 
mice (approximately 4Og body weight) and male Wistar albino 
rats, 4 and 8-weeks old (approximately 10 Og and 17 5g body 
weight) were obtained from the University of Surrey Animal 
Breeding Unit. Animals were given free access to water and 
rodent maintenance diet (see appendix), except during alkane 
collection. All doses were given intraperitoneally.
To show that the greatly increased ethane exhalation
' f e s ;  t t m & s m s
ZÜ2 and still present in the tissue homogenate 0 It is likely
„
induced in male CD-1 mice immediately after Fe NTA 
administration, described in chapter 2, was not atypical of 
the species, individual CD-I and other strains of mice were 
placed in the chamber immediately after administration of Fe 
NTA (6mg iron/kg body weight). Ethane and pentane production 
were determined over 30 minutes.
Experiments were performed to see whether there was an 
increased alkane production by rats, and of thiobarbituric 
acid-reactive material in the tissues of rats and mice given 
Fe NTA. To investigate whether any MDA production detected in 
the liver and kidney of mice given Fe NTA was due, at least 
in part, to lipid peroxidation occurring post mortem during 
tissue preparation. Control experiments were performed in 
which lipid peroxidation in vitro under the conditions of the 
assay was inhibited. In particular, mice were injected with 
Fe NTA (6 mg iron/kg body wt) and the production of 
thiobarbituric acid-reactive material was measured as 
described above with or without 0.1% (w/v) BHT and 0.5mM Fe 
Cl 3 (Mihara and Uchiyama, 19 83 ; Tanegras, 19 83 ), or
alternatively 0.9mM desferrioxamine B mesylate (Gutteridge et 
a_l., 19 79: Yamanoi et a_l., 19 82) added to the phthalate
buffer before homogenisation of the tissues.
To investigate the time course of ethane exhalation and 
of MDA production in liver and kidney, male CD-I mice and 
Wistar rats were placed individually in the chamber for 30 
and 45 minutes respectively, at various times over 24 hours 
after injection with Fe NTA (4mg and 12mg of iron/kg body
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wt). To investigate the dose response of Fe NTA in ethane 
exhalation and MDA formation, male CD—1 mice and Wistar rats 
were placed individually in the chamber, immediately after 
injection of various doses of Fe NTA (0-6mg iron and 0-12mg 
iron/kg body weight respectively). Ethane was determined over 
15 minute intervals and MDA production was determined 5 
minutes after removing the animal from the chamber in each 
case.
To determine whether the sex of the animal affected the 
susceptibility to Fe NTA-induced lipid peroxidation, male and 
female CD-I mice were given Fe NTA ( 6mg/kg body weight). 
Ethane exhalation over 30 minutes and MDA production at 35 
minutes was determined as before. In all these experiments 
the tissues were also examined for histologically observable 
damage as well as MDA production.
The effects of administering equivalent amounts of NTA 
alone (5 0-15 Omg NTA/kg body weight), bicarbonate (267mg 
NaHCOg/kg body weight) and 0.9% saline on ethane exhalation 
were also investigated in control experiments. Fe NTA (6mg 
iron/kg body weight) neutralised with sodium hydroxide in 
place of the bicarbonate was given to mice as a positive 
control.
To investigate whether any functional impairment of the 
protein component of tissue membranes was associated with MDA 
production, the activities of ^-glu tamyl transpeptidase and 
alkaline phosphatase, marker enzymes for the brush border,
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were determined at 35 min and 50 min after various doses of 
Fe NTA were given to mice and rats (0-6mg and 0-12mg iron/kg 
body weight respectively). To investigate whether Fe NTA had 
a rapid hepatotoxic and haemolytic effect in the rat, plasma 
GPT activity and various haematological parameters were 
determined and haematology was studied in rats 2 hours after 
Fe NTA (12mg iron/kg body weight) administration.
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Results
Different strains of mice given Fe NTA exhaled similar 
quantities of ethane over 30 minutes immediately after dosing 
(Table 3.1). The amount of pentane produced was also similar 
in the three strains. There were also small quantities of 
propane and butane detected. Male rats given Fe NTA also 
produced a similar distribution of alkanes. Fe NTA treatment 
was observed to cause a 's tr awb' tail in rats and mice 
(raised in an unnatural position) and an abnormal posture of 
the hind quarters generally. The abdominal cavity when opened 
contained noticeably more fluid and darker swollen kidneys in 
the treated animals.
Administration of Fe NTA to male CD-I mice resulted in a 
increase in MDA production in liver and a large increase in 
kidney in association with ethane exhalation. Other tissues 
namely brain, heart, lungs, spleen and testes were 
unaffected. There was no significant difference in the MDA 
production in mouse liver and kidney homogenates under 
conditions which inhibited lipid peroxidation in vitro 
(during addition of BHT to the homogenate), indicating that 
no significant lipid peroxidation recurred during tissue 
preparation. However, the addition of iron and 
desferrioxamine. to liver and kidney tissue before 
homogenisation moderately increased and decreased MDA 
production respectively (results not shown).
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Table 3.1
Exhalation of Ethane and Pentane by Different Strains of 
Mice After Administration of Iron Nitrilotriacetate
Individual male CD-I, STD/ORT or Schneider mice were 
placed in the chamber immediately after administration 
of Fe NTA (6mg iron/kg body wt) i.p. The production of 
ethane and pentane were determined over 3 0 min.
Alkane production over 30 min
Strain
(nmol/kg body wt)
Ethane Pentane
CD-I 327 + 59 184 + 39
STR/ORT 261 + 39 173 + 34
Schneider 349 + 42 209 + 37
Values are the means + S.E.M. of 4-6 mice
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Ethane exhalation was greatest at 15-30 min after 
injection of Fe NTA (4mg iron/kg body weight) in the male CD- 
1 mouse and declined rapidly thereafter (Figure 3.1). Liver 
and kidney homogenates from groups of mice killed at 0, 5, 
10, and 20 min after injection, and those killed 5 minutes 
after determination of ethane exhalation in the chamber, 
showed that MDA production was also at a maximum in the 
kidney, but not the liver, during the first 35 min after Fe 
NTA administration (Figure 3.2). The time course for ethane 
exhalation after Fe NTA administration (12mg iron/kg body 
weight) was broadly similar in the rat, reaching a maximum 
30-45 minutes after injection (results not shown).
Ethane exhalation increased in a dose-dependent fashion 
with the amount of Fe NTA ( 0-6 mg iron /kg body weight) 
injected in the CD-I mouse, as did the production of MDA in 
the kidney, up to 4mg iron/kg body weight (Table 3.2). There 
was a significant correlation (p< 0.01 ) between ethane 
exhalation and kidney MDA (r = 0.83; Figure 3.3) but poor 
correlation with liver MDA (r = 0.6 5; p>0.1). Female mice
exhaled considerably less ethane than males immediately after 
Fe NTA (6mg iron/kg body weight) administration (Table 3.3). 
Similarly tissue" MDA- production was » y ci 1 f i. ca n f, 1 y- •■•1 ess than 
that seen in males.
Male CD-I mice injected with saline, NaHCOg solution, or 
50 mg NTA/kg showed no significant increase in ethane 
exhalation over that of untreated control mice. Four mice 
given Fe NTA (6mg iron/kg body weight) neutralised with
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Figure 3.2 Liver and Kidney Malondialdehyde Production at Various Times 
after Administration of Iron Nitrilotriacetate.
Individual male mice were given FeNTA (4mg iron /kg body wt i.p.) 
and killed at various times after injection to determine tissue 
MDA production as a measure of tissue lipid hydroperoxide 
content.
Points represent the means of 4 mice with vertical lines 
showing the S.E.M.
Table 3.3
Ethane Exhalation and Tissue Malondialdehyde Production in Male 
and Female M ice a fte r Administration o f Iron N itrilo triacetate
Individual m ice were placed in the chamber im m ediate ly a fte r adm in istra tion o f 
FeNTA (6mg iron/kg body w t). Ethane exhalation was determined over 13 and 30 
min. MDA production was determ ined 35 m inutes a fte r the in jection  as a 
measure o f tissue lip id  hydroperoxide content.
Sex
Ethane Exhalation 
(nm ol/kg body w t)
MDA Production 
(nmol/g tissue)
over 15 min over 30 min L ive r Kidney
Male 298 + 57 422 + 50 81 + 23 288 + 39
Female 22+  5a 73 + 12° 38 + 6 111 + 26b
Values are the means + S.E.M. o f 4 m ice.
a, p 0.02; b, p < 0.01; c, p < 0.001
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Figure 3.3 Scatter-plot of Ethane Exhalation v. Kidney Malondialdehyde 
production following Administration of Iron Nitrilotriacetate
Individual mice were placed in the chamber immediately 
after administration of FeNTA to determine ethane 
exhalation over 30 min and kidney MDA production 35 
min after injection. FeNTA was given to mice at 1 mg iron (a),
2 mg iron (▲), 4mg iron (o) and 6mg ion (•) per kg body wt i.p.
sodium hydroxide had a mean ethane exhalation over 30 minutes 
of 282 nmol/kg body weight (S.E.M. = 35 nmol), which was not 
significantly different from that detected when 'the complex 
was neutralised with sodium bicarbonate (Table 3.2).
Administration of Fe NTA (12mg iron/kg body weight) to 
rats resulted in relatively large quantities of ethane 
accumulating in the chamber over 45 minutes (Table 3.4). Rats 
injected with 150 mg NTA/kg body weight (an equivalent amount 
of NTA i s admi nistered with the 12mg iron dose) showed no 
significant increase in ethane exhalation above that of the 
control group. Increased ethane exhalation required a dose 
level of Fe NTA two to three times that required in the 
mouse. The production of MDA measured 50 min after dosing 
with Fe NTA increased with dose in both kidney and liver in 
the rat. Indeed, unlike the mouse, rat liver produced the 
greatest MDA production. There was a highly significant 
correlation (p<0.001) between ethane exhalation and liver MDA 
(r = 0.9 7), and also between ethane exhalation and kidney MDA 
(r = 0.98) In a preliminary investigation however, there was 
found to be little increase in the plasma glutamate pyruvate 
transaminase activity in rat after Fe NTA administration 
( ? An/] in control ra.t and 3 4 U/l in Fe NTA - treated ra t 2h 
after dosing; S.E.M. = 3 and 4 U/l respectively). Acute 
administration of Fe NTA (12mg iron/kg body wt) to rats 
significantly (p < 0.01) increased the packed cell volume and 
the whole blood haemoglobin content after 2 hours (Table 
3.5) .
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Table 3.5
Effects of Acute Administration of Iron Nitrilotriacetate
to Rats on Various Haematological Parameters
Blood was collected from pentobarbitone-anaesthetised 8- 
weeks old male rats by venepuncture 2 h after a single 
dose of either sali ne or Fe NTA (12mg iron/kg body wt) 
i.p. for determination of the haematological parameters.
Saline Fe NTA
b
Packed cell volume 3 8 + 1  4 6 + 2
(%) -  -
b
Haemoglobin (g/dl) 10.9 + 0.3 13.4 + 0.6
a
Total red cell count 5.8 + 0.2 7.0 + 0.3
(cell/pl blood)
b
Total white cell count 5.4 + 0.4 8.4 + 1.2
(cell/nl blood)
Lymphocyte count 3.5 + 0.2 4.5 + 0.9
(cell/nl blood) . “ .
Neutrophil count 1.7 + 0.3 3.7 + 0.8
(cell/nl blood)
Monocyte count 184 + 21 126 + 68
(cell/jil blood) ”
Eosinophil count 2 6 + 1 5  6 4 + 2 5
(cell/pl blood) “
varues are the means + S.E.M. of 4 rats, 
a, p < 0.02? b, p< 0.01.
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Light microscopic observations (see below) showed that 
the administration of Fe NTA caused histologically observable 
tissue damage, particularly in the epithelial cells of the 
proximal convoluted tubules of the kidney. Similarly the 
activities of alkaline phosphatase and 7 -glutamyl 
transpeptidase, marker enzymes for the brush border, were 
moderately decreased in the mouse (Table 3.6), and slightly 
decreased in the rat (Table 3.7) after various doses of Fe 
NTA were administered. The decrease in activity was dose- 
dependent compared with respect to controls.
Light Microscope Observations 
No kidney abnormalities were detected after 35 minutes 
in twelve male CD-I mice examined which had been injected 
with either Fe NTA (1 or 2 mg iron/kg body weight) , 50 mg 
NTA/kg body weight or saline-injected controls (Figure 3.4A). 
Similarly, as expected from the ethane exhalation and tissue 
MDA production the group of 4 female mice killed 35 minutes 
after Fe NTA (6mg iron/kg body weight) administration showed 
no kidney abnormalities either when compared to saline- 
injected female controls.
However, in ten male mice injected with larger amounts 
of Fe NTA (4 or 6 mg iron/kg), changes were clearly observed 
in the kidneys of each animal after 35 minutes (Figure 3.4B). 
Cytoplasmic eosinophilia was increased in several cells of 
the $2 segments of the proximal convoluted tubules and there 
was associated condensation of the nuclear chromatin. Some 
brush borders had become basophilic and were sloughing off
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Table 3.6
Kidney Enzyme Activities A fter Iron N itrilotriacetate  
Administration to Mice
A lka line phosphatase and y -g lu ta m y l transpeptidase a c tiv itie s  were 
determ ined at 35 min a fte r various doses o f FeNTA were given to 
male m ice.
A lka line
phosphatase
y -G lu ta m y l
transpeptidase
Anim al Treatm ent (U/mg protein)
C ontro l (0.9% saline) 1.13 + 0.03 1.25 + 0.02
FeNTA (2 mg iron /kg  body w t) 0.98 + 0.07 1.11 + 0.05
FeNTA (6 mg iron /kg  body w t) 0.71 + 0.03 0.87 + 0.08
Values are the means + S.E.M. o f 4 mice
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Figure 3.4 (A) Control mouse kidney cortex and (B) 35 min after acute Fe NTA(4mg 
iron/kg body wt) adm inistration. (C) Control rat liver and (D) 24h after acute Fe NTA 
(12mg iron/kg body wt) adm inistration (haematoxylin and eosin x 100).
Table 3.7
Kidney Enzyme Activities A fter Iron N itrilotriacetate
Administration to Rats
Alka line  phosphatase and y -g lu ta m y l transpeptidase a c tiv itie s  were 
determ ined at 50 min a fte r various doses o f FeNTA were given to 
male r a ts ,
A lka line
phosphatase
y-G lu ta m y l
transpeptidase
Anim al Treatm ent (U/mg protein)
C ontro l (0.9% saline) 0.98 + 0.17 1.07 + 0.07
FeNTA (6 mg iron /kg  body w t) 0.83 + 0.18 1.03 + 0.07
FeNTA (12 mg iron/kg body w t) 0.71 + 0.09 0.88 + 0.09
Values are the means + S.E.M. o f 4-6 rats
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and there was some vacuolar and hydropic degeneration of the 
cytoplasm in cells of the Sj segments. In five of the livers 
examined the centrilobular parenchyma were notably paler but 
this observation showed no correlation with dose. Only a 
trace of stainable iron was detected in the livers, and none 
in the kidneys. There was some indication of a dose-dependent 
increase in iron-staining in the spleen but no abnormalities 
were detected. Graded hi s topathoiogical assessment of the 
extent of kidney damage in the male CD-I mouse at 35 minutes 
after Fe NTA administration was significantly correlated 
(Spearman's Rank, r = 0.7 3 ; p < 0.01 ) with ethane exhaled over 
the first 30 minutes after dosing.
In a further group of ten mice injected with Fe NTA ( 4mg 
iron/kg body weight) five animals, killed within 7 hours of 
dosing, showed a progressive increase in kidney damage with 
time. The remaining mice killed at 24 hours all had extensive 
kidney necrosis culminating in severe degeneration of the 
cytoplasm of the cells of the Sj segments and almost complete 
necrosis of the cells of the S^ segments. Many of the tubules 
were dilated and filled with pro te inace ous casts. In two of 
the animals , iron staining was associated with cytological 
damage. Two animale qbowed periportal degeneration and early 
necrosis of the liver, possibly associated with slight 
haemorrhage due to necrosis of the vascular epithelium.
Male rats injected with either saline or 15 Omg NTA/kg 
bodywe igh t and killed at 24 hours showed no evidence of 
necrosis in liver (Figure 3.4C), kidney or spleen in any of
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the animals. In a group of ten rats injected with Fe NTA 
(12mg iron/kg body weight) five animals killed within 7 hours 
showed no abnormalities in any tissue except for one animal 
killed at 4 hours which had extensive periportal cytoplasmic 
degeneration. There were no abnormalities detected in the 
spleen. However, in the remaining five animals killed at 24 
hours, three had periportal necrosis and and haemorrhage of 
the liver (Figure 3.4D), associated with positive iron- 
staining and foci of inflammatory cells; four of these 
animals displayed extensive kidney necrosis similar to that 
observed in the mouse. Graded histopathological assessment of 
the extent of kidney damage at 24 hours correlated moderately 
well with the amount of ethane exhaled over the first 45 
minutes after dosing (Spearman's Rank,r = 0.62 ; p<0.05). The 
correlation of liver damage with ethane exhalation was of a 
lower order.
Blood smears prepared from a group of four rats 2 hours 
after they were given Fe NTA (12mg/kg body wt) consistently 
showed a marked degree of anisocytosis and poikilocytosis 
among the erythrocytes and a degree of disruption among the 
white cells compared to sali ne-treated controls. Damaged red 
cel Is were more, numerous and more erenated than those seen 
after phenylhydrazine treatment (see chapter 2, page 7 4). 
Reticulocyte numbers were significantly (p < 0.01) decreased 
(Table 3.5) by Fe NTA administration but in contrast to 
phenylhydrazine-treatment no Heinz bodies were apparent in 
the erythrocytes seen in the films stained for reticulocytes.
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Plasma prepared from Fe NTA-treated rats was decreased in 
volume compared to plasma from controls and stained pink in 
colour. Despite the apparent haemolysis however there was a 
significant (p<0.02) increase in the red cell count. The 
total number of circulating white cells increased as a result 
of acute administration of Fe NTA to rats. In particular the 
number of neutrophils was increased, and lymphocyte and 
eosinophil numbers were also increased (monocyte numbers 
decreased) but not significantly.
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Discussion
Administration of Fe NTA to male rats and mice resulted 
in a marked increase in the e xhalation of ethane, and 
a considerable increase in pentane production. The small 
quantities of propane and butane detected were also probably 
a result of Fe NTA-induced lipid peroxidation (see chapter 1, 
page 28). The response was similar in the three different 
mouse strains investigated indicating that alkane production 
was independent of any metabolic effects which varied 
between the strains.
The lipid peroxidation occurred within a few minutes of 
injection of Fe NTA, in agreement with the findings of 
Goddard and Sweeney (1983). In contrast with the findings of 
these workers, who identified the liver as a major site of 
peroxidative damage in the mouse (Goddard et al., 1986), the 
present study revealed that much higher levels of lipid 
peroxidation occurred in the kidney (Hamazaki et al., 1985). 
The specific site of damage was the proximal convoluted 
tubules based upon the decrease in activity of marker 
enzymes of the brush border, and the histological 
observations, in agreement with Hamazaki et_ a^. (1986).
In contrast to the similar response of different mouse 
strains to Fe NTA, there was a considerable difference 
in the response between the male and female CD-I mouse 
indicating that the degree of lipid peroxidation was 
dependent on some metabolic effects which differed between
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the sexes. It might be due to the differences in the 
protective capacities against autoxidative injury between 
males and females ( Harman, 1981), such as the known
difforences in glutathione concentration and the activities 
of glutathione metabolising enzymes between the sexes 
(Igarashi et a_l., 19 8 3). A similar sex difference (and a
strain difference) occurs in the mouse during chloroform 
nephrotoxicity which is modulated by the renal cortical 
androgen receptor (Clemens et. al., 19 79).
The particular susceptibility of the kidney could be due 
to concentration of filtered Fe NTA in the lumen of the 
tubules, assuming the urinary excretion of Fe NTA in the 
mouse is similar to that seen in the rat (Awai et al., 1982). 
The early changes in the epithelial cells of the proximal 
convoluted tubule and the associated early decrease in 
activity of brush border marker enzymes (presumably by loss 
of active enzyme to the urine) lend further support to the 
view that the damage was initiated from the lumenal side of 
the tubule, and that lipid peroxidation was the cause of the 
lesion rather than a subsequent consequence of it. However, 
as some alkali ne p hos pha ta se and 'Y*“9 lu tamyl transpeptidase 
s e t  v  1 1y i  s a 1 s c  p r e s e n t  i n  th e  ba s o —l e  Ler-a 1 n:emL>rane , th e  
loss of activity could be entirely due to lipid peroxidation 
in this membrane rather than the lumenal membrane.
Although the renal lesion in the rat, first reported by 
Hamazaki et al., ( 1985) was similar to that seen in the mouse 
and may occur by a similar mechanism, a six-fold increase in
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the dose level of Fe NTA was required to produce equivalent 
amounts of kidney MDA. As 20% of a dose of Fe NTA is excreted 
unchanged in the rat, virtually all within the first 24 h 
(Awai e_t aJL, 1982), this suggests that the rat kidney may be 
more resistant to Fe NTA-induced lipid peroxidation than that 
of the mouse. At these higher dose levels, unattainable in 
the mouse due to lethality, the rat liver became susceptible, 
and lipid peroxidation in rat liver was greater than in the 
kidney, based on MDA production.
The fo rv/icJf/o^ of superoxide radical has been demonstrated 
in the serum (Matsuura, 19 8 3), and in liver homogenate 
(Matsuura et_ al., 1983) prepared from rats one hour after Fe 
NTA administration which could account for the erythrocyte 
damage and hepatoxicity seen in these studies (Matsuura and 
co-workers did not investigate the kidney by ESR). Fe NTA can 
subsequently catalyse the production of the hydroxyl radical 
(Walling, 1975) or a kinetically indistinguishable species 
(e.g. the ferryl ion), the prime initiator of the lipid 
peroxidation. In this respect the capacity of Fe NTA to form 
a dimer (Gustafson and Marte 11, 19 6 7) may be important for 
oxygen activation (see chapter 1, page 12). Fe NTA has been 
shown to be mo re efficient than several potential biological 
chela tors of iron at converting superoxide to the hydroxyl 
radical and the catalytic effect is enhanced at pH values 
below neutral (Baker and Gebicki, 1986), an effect that may 
be significant in the tubular filtrate.
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The significant increases in the packed cell volume, 
haemoglobin concentration, and total red cell number indicate 
that a degree of haemoconcentration occurred in the rat after 
the administration of Fe NTA (12mg/kg body weight). However 
this can only partly explain the increase in neutrophil 
numbers which more than doubled, which could be due to a 
leucotact ic response to the iron (Blake e_t a_l, 1981).
Approximately 2 0% of the blood fluid appears to have been 
either excreted or lost to the tissues and abdominal cavity 
within two hours. Whether this was entirely due to renal 
insufficiency or partly due to the inflammatory response to 
Fe NTA-induced tissue damage is unclear. The significant 
decrease in reticulocyte numbers may indicate that they were 
particularly susceptible to the apparent haemolytic effects 
of Fe NTA. Indeed the decrease in reticulocyte numbers may 
have been underestimated due to the effects of 
haemoconcentration. There was however no evidence of 
preferential sequestration of reticulocytes by the spleen 
which might have been expected if they were selectively 
damaged.
The extent of the kidney damage seen after Fe NTA 
administration, particularly ? n the mouse, v.’se supr.ising in­
view of the finding that 30 minutes after the injection of 
^iron-labelled Fe NTA to mice, 37 % of the iron is present 
in the liver and only 3% in the kidneys (Goddard and Sweeney, 
1983). However, it is interesting to note that 2 4 hours after 
injection of the similar sized radio-labelled complex,
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^indium NTA, to mice, the indium remaining in the kidney is 
present at the highest concentration of all the tissues 
( Pr of f i tt e_t a_l., 19 83). It ispossible then, that metal NTA 
complexes have some affinity for renal tissue once they enter 
the kidney. However, the renal clearance of NTA alone is not 
altered in the presence of the tubular ce 11 transport 
inhibitor probenicid or the organic acid transport competitor 
p-aminohippuric acid in the ra t (Anderson et al., 198 5).
Acute intraperitoneal administration of NTA alone had no 
significant effect on alkane exhalation, MDA production or 
kidney histology though the chronic dietary administration of 
greater doses of NTA is nephrotoxic (see chapter 4; Anderson 
et al., 19 82).
I r on uptake by transferrin is considerably mo re rapid 
from Fe NTA than Fe EDTA or the presumed physiological iron 
donor, Fe citrate (Bates and Wernicke, 19 71). Consequently 
the NTA complex is used experimentally to load transferrin 
and lactoferrin with iron in vitro (Barton and Parmiey et 
jil_., 19 8 6), and to promote the rapid deposition of injected 
iron in the liver i_n vivo (Awai et al., 1979). Likewise, R e ­
labelled Fe NTA is taken up by the liver more efficiently 
than radio-label 1 ed NTA aJ.pn.e J£a £s.uura.; ( 19 83 ).. Nevertheless, 
the maximum capacity of transferrin to rapidly deliver excess 
iron to the tissues is overcome for one to six hours after 
administration of Fe NTA ( 7.5 mg iron/kg body weight) to the 
rat, because the total iron binding capacity of the serum is 
greatly exceeded during this period (Yamanoi et al., 1982).
113
Iron delivery to the liver results in dissociation of 
the complex because nearly half the radio-labelled iron 
injected as 59-iron labelled Fe NTA at this dose level is 
present in the liver 3 hours after administration (and 
remains there for at least 10 days) whereas only 1% of the
labelled Fe NTA remains at this time point (Matsuura, 
1983). Further, three hours after Fe NTA administration, a 
significant fraction (approximately 30%) of the hepatic non- 
haem iron is neither incorporated into ferritin or 
haemosiderin, and is apparently present as an unidentified 
low molecular weight iron complex with a molecular weight of 
less than 10 000 (which could in part be Fe NTA). This may be 
the cause of the hepatic lipid peroxidation in the rat, 
particularly as the indices of lipid peroxidation were at a 
maximum 45 minutes after dosing and declined thereafter.
Awai e t a 1 ( 19 8 2 ) postulated a role for the
hydrocarbonate ligand in stabilising the Fe NTA because the 
spectral characteristics of the complex were dissimilar when 
neutralised with sodium hydroxide instead of hydrocarbonate. 
This may be so but the present studies indicate 
hydrocarbonates presence is not a requirement for inducing 
ethane exhalation. Hydrocarbonate facilitates iron uptake 
from Fe NTA by transferrin (Bates and Wernicke, 1971), but 
this did not effect subsequent alkane exhalation. Indeed 
transferr i n—bound iron is a poor initiator of hydroxyl 
radical formation from superoxide iri vi tro (Baker and 
Gebicki, 1986) whereas Fe NTA strongly supports lipid
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peroxidation in vitro (Goddard et al., 1986). This indicates 
that the lipid peroxidation is more likely to be due to Fe 
NTA itself rather than to iron released from the complex 
through the rapid transfer to transferrin (Bates and 
Wernicke, 1971; Saji e_t a_l., 19 85) and its subsequent uptake
by the liver (Matsuura, 1983).
A combination of Fe NTA and acid ferricyanide has been 
used experimentally to stain transferrin-bound iron in 
e rythr oblasts and la ctofe rr in-bound iron in neutrophils 
(Parmley e_t a_l., 1986 ; Bar ton and Parmley, 198 6 ). Further, 
the iron from Fe NTA is kn own to be taken in by 1 y mp ho cy t e s 
and not simply bound to the plasmalemma, as it is not easily 
removed by desferrioxamine (Brock and Carole Rankin, 1981). 
Similarly, Fe NTA can load Chang cells (cultured human liver 
cells) i_n vi tro with iron (Williams e_t al., 19 82) by a 
mechanism that does not necessarily require transferrin, and 
is actually much greater from Fe NTA alone. The NTA-delivered 
iron is apparently deposited within the membrane where it is 
inaccessible to desferrioxamine and presumably in close 
proximity to polyunsaturated fatty acid esters (White and 
Jacobs, 19 78). However, at physiological concentrations of
A  n  f  y* i n . _ i y* yv 11 t™\ 4* ss x 7 . 'v* o  ^  ^  ^  t * ^  ^  ■< <*■ -1*. *  v». n — 1* - — .
,    -* —  w  ^  ». * v. jkzuc v w  ^  y u. ± o  ^  j- k/ à. y ky y CL
receptor-independent endocytotic process (Page et. al., 1984).
Interestingly, Winterbourn (1983) has suggested that 
following the loading of la ctofe rrin with Fe NTA in vitro, 
the failure to remove completely the Fe NTA by insufficient 
dialysis may have lead to some workers to conclude that iron-
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saturated lac tof err in alone enhances hydroxy radical 
production (Ambruso and Johnstone, 1981). In summary although 
the involvement of transferrin or lactoferrin is probably not 
required to explain the induction of lipid peroxidation by Fe 
NTA _in vivo, if it is required, it could explain how the iron 
is reduced before oxygen activation.
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CHAPTER FOUR
COMPARISON OF THE EFFECTS OF SUB-CHRONIC ADMINISTRATION 
OF IRON NITRILOTRIACETATE AND OTHER MODELS OF
EXPERIMENTAL IRON OVERLOAD IN RATS
Introduction
Several models of experimental iron overload in the rat 
cause lipid peroxidation, iri vivo often in association with 
other effects including autoxidative tissue damage. For 
example, chronic parenteral administration of iron dextran 
increases alkane exhala tion (Dillard and Tappel, 19 79) and 
mal ondi aide hyde production in vivo (Goldberg et aJL., 1962; 
Ha ns te in e_t a^., 19 75). Acute parenteral administration of 
iron-dextran increases ethane exhalation during vitamin E and 
selenium deficiency (Dougherty et al., 19 81). In addition 
iron dextran induces 5-aminolaevulinate synthase activity, 
decreases cytochrome P-450 levels (De Ma t te i s and Sparks, 
1973), associated N-demethylase activities (Wills 1972) and 
GSH in rat liver (Valenzuela e_t a_l., 19 83 ), often in
association with small increases of malondiaIdehyde 
production. While hypoxia induces intestinal iron absorption 
independently of ha ema topoesi s (Br ittin e_t a_l., 196 8; Forth 
and Rumme1, 1973), lung non-selenium-dependent glutathione 
peroxidase activity (Jenkinson et a_l., 19 83), and liver and 
lung cytochrome P-450 in those mice which are susceptible to 
3-methylcholanthrene (3-MC) induction (Gonder £t al.., 1985).
Acute parenteral administration of ferrous sulphate 
following glutathione depletion also increases ethane 
exhalation (Younes e t a1., 19 84), while chronic dietary
administration of ferrous sulphate slightly decreases 
selenium-dependent glutathione peroxidase activity and
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slightly increases non-selenium-dependent activity and 
malondialdehyde production even in selenium and vitamin E 
replete animals (Lee e_t al., 19 81).
Chronic parenteral administration of Fe NTA to rats 
causes inhibition of growth, metabolic acidosis, ketonaemia, 
hyperglycemia, glycosuria, amino-aciduria, polyuria and 
polydispia in association with iron loading of the 
parenchymal cells of liver and pancreas. The poor serum 
insulin response to oral glucose loading (Awai et al., 1979), 
and the decreased glucose tolerance and insulin response to 
intravenously administered glucose (May et al., 1980) 
indicate that the diabetic state is due to iron deposits in 
the pancreatic exocrine cells. Recently, the involvement of 
renal dysfunction in producing these apparent diabetic 
symptoms has been recognised (Hamazaki et al., 1985).
Acid-ferrocyanide staining shows iron is preferentially 
deposited in the hepa tocy tes after chronic Fe NTA 
administration, whereas dextran-administered iron is 
preferentially deposited in the lysosomes of the Kupffer 
cells (Parmley e_t aJL., 19 81). Dietary administration of
carbonyl iron results in even greater preference for 
parenchymal cell loading than observed with Fe-NTA, and both 
treatments result in an increase in conjugated dienes in the 
liver (Bacon ejt a^ l., 19 83) and P-450 depletion (Bacon et al., 
1985). However, no hepatic mitochondrial lipid peroxidation 
i n vivo in the rat (Tanegras ejt a__l. , 19 8 3 ), nor
malondialdehyde production in_ vitro in the cultured chick
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hepa tocyte (Shedlof sky et al., 1983) were observed after Fe
NTA administration by some workers.
Acute administration of Fe NTA to rats results in ethane 
exhalation and tissue malondialdehyde production (see chapter 
3) and, in addition, thiobarbituric acid-reactivity has been 
detected in the urine (Draper et al., 19 84). This chapter 
describes the effects of sub-chronic parenteral 
administration of Fe NTA to rats, and compares them with the 
effects of other regularly used models of experimental iron 
overload particularly with respect to the induction of lipid 
peroxidation, and protective mechanisms against autoxidation 
in vivo.
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Materials and Methods
Benzphetamine was obtained from Upjohn Chemicals Ltd, 
Naivelle, La Vaudreil Ville, France. Et ho xyre sof ur i n and 
resorufin were obtained from Molecular Probes Inc, Junction 
City, Oregon, U.S.A. Hydrogen peroxide was obtained from BDH 
Chemicals Ltd. FAD,GSH, NAD PH and yeast glutathione 
reductase were obtained from Sigma Chemicals Ltd. Creatinine 
and glutamate pyruvate transaminase assay kits and a 1COBAS 
Bio1 centrifugal analyser were obtained from Roche Products 
Ltd, Welwyn Garden City, Herts, U.K. (see also pages 57 and 
90).
Experimental Procedures
Ethane exhalation whole blood haemoglobin, packed cell 
volume and tissue protein concentrations were determined and 
histology performed as previously described. Thiobarbituric 
acid-reactivity, 'y-glutamyl transpeptidase and alkaline 
phosphatase were determined in urine by modifications of 
methods previously described. Alkaline phosphatase was 
determined histochemically in kidney sections by the method 
of Butcher and Chayen ( 19 6 6 ). Urinary creatinine 
concentrations were determined by the Jaffe reaction using a 
modi £ ica L ion of the method of Fabiny and Ertingshausen 
(1976).
Glutathione peroxidase was determined by the method of 
Pag lia and Valentine ( 1967). Hepatic cytochrome P-45 0 was 
determined by the method of Omura and Sato (1964).
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Benzphetamine N-demethylase activity was determined in the 
hepatic microsomal fraction by the method of Lu ejt al ( 1970) 
using the modifications of Cochin and Axelrod ( 19 59) to the 
determination of formaldehyde by the Han tzsch reaction 
described by Nash ( 19 53). Ethoxyresorufin O-dee thyla se 
activity was determined in the hepatic microsomal fraction by 
the method of and Burke and Mayer (1974). Tissue iron, 
copper and zinc were determined as described by Delves et al 
(1971).
Animal Treatments 
Male Wistar albino rats, 4 and 8 weeks old 
(approximately 100g and 175g body weight) were obtained from 
the University of Surrey Animal Breeding Unit and given free 
access to water and rodent maintenance diet (Appendix 1), or 
the diet with added iron or ferrous sulphate, except during 
ethane collection. All doses were given intraperi toneally.
To investigate the effects of sub-chronic parenteral 
administration of FeNTA and NTA on alkane exhalation, and on 
various urinary parameters indicative of kidney function, 
ethane and urine were collected for 45 min and 24 hours, 
respectively, from male rats immediately a f.ter the last 
injection of various treatments. Urine was collected at 4°C to 
maintain the activity of enzymes present. To compare Fe NTA 
with iron dextran-induced iron overload, ethane was 
determined over 90 min and liver MDA production at 24 hours 
after a single large dose of either iron dextran or dextran 
only.
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To investigate the effects of chronic dietary 
administration of iron on lipid peroxidation in vivo, ethane 
exhalation was determined over 90 min on various days, using 
rats receiving either carbonyl iron or ferrous sulphate added 
to the diet. At the end of each dietary regime tissue 
malondialdehyde production and tissue iron were determined.
Treatments were as follows :
A) 8-weeks old rats; group 1 animals each received 10 daily 
injections of saline only ? group 2b animals each received 4 
doses of FeNTA ( 6 m g iron/kg body weight) over 6 days; group 
3b animals each received 9 doses of FeNTA (5 x 6mg iron/kg 
body weight and 4 x 12mg iron/kg body weight) over 13 days ; 
groups 2a and 3a animals each received equivalent doses of 
NTA (4 x 7 5mg NTA/kg body weight) over 6 days and (5 x 7 5mg 
NT A/kg bodyweight and 4 x 15 0 m g iron/kg bo dy weight) ove r 13 
days respectively; group 4a and group 4b animals each 
received single doses of FeNTA (6mg and 12mg iron/kg body 
weight respectively).
B) 4-weeks old rats; group 5 animals each received saline 
only; group 6a received 10 doses of FeNTA (5 x 6mg iron/kg 
body weight and 5 x 12mg iron/kg body weight) over 14 days; 
group 6b received a single dose of FeNTA (12mg iron/kg body 
weight).
C) 8-weeks old rats ; group 7a and 8a animals received 
powdered diet only ; group 7b received FeS04 (0.03 5% w/w 
diet) added to the food for 25 days ; group 8b received
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carbonyl iron (>98% iron; 0.325 mesh ;0.1% w/w diet) added to 
the food for 50 days.
D) 8-weeks old rats ; group 9b animals each received a single 
intraperitoneal dose of iron dextran (5 0 0m g iron/kg body 
weight); group 9a animals each received a single injection of 
dextran alone (average molecular weight, 5000).
To investigate the effects on body weight gain and 
relative tissue weight gain, and various hepatic, 
haematological , histochemical and histopathological 
parameters indicative of general function, group 3b animals 
each received a further single dose of FeNTA (12mg iron/kg 
body weight) 24 hours before killing. To investigate iron 
copper and zinc concentrations in liver and kidney, group 3a 
received a further equivalent dose of NTA (15 0mg NTA/kg body 
weight) only. Plasma iron was monitored in several groups 24 
hours after the end of treatment.
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Results
Body weight gain of treated animals was similar to 
controls in all groups, apart from those receiving parenteral 
Fe NTA where there was marked loss (Figure 4.1, 4.2). Chronic 
Fe NTA administration caused complete growth inhibition in 8 
week old rats (group 3b) and almost complete growth 
inhibition in 4 week old rats (group 6a). The sudden body 
weight loss over 24 hours after a single large dose of Fe 
NTA (12mg iron/kg body weight; group 6b) was diminished by 5 
previous smaller doses of Fe NTA (6 m g iron/kg body weight; 
groups 6a and 3b).
The mean tissue to body weight ratios of liver and 
kidneys had increased by 23% and 183% respectively in Fe NTA- 
treated group 3b in comparison with control group 1, and 17% 
and 12 9% respectively in Fe NTA-trea ted group 6 a in 
comparison with control group 5 following chronic 
administration of FeNTA (Table 4.1). Chronic administration 
of NTA to group 3a had little if any effect on these ratios.
Lower age and prior Fe NTA treatment were associated 
with an increased survival rate. Seven of the ten 8-week old, 
and three of the six 4 —week old rats receiving acute Fe NTA 
(12mg iron/kg body weight) administration, and three of the 
ten 8 week old rats receiving sub-chronic FeNTA 
administration, died before termination of the experiment. 
These animals showed uremia shortly before death and routine 
post-mortem autopsy indicated that the cause of death was
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Figure 4.1 Effect on Body Weight of Chronic or Acute Adm inistration of 
Iron Nitrilotriacetate to Rats
A. 8 weeks old rats (30)received either 10 doses of FeNTA ( ■), 
10 equivalent doses of NTA only ( a )or 0.9% saline ( •  ).
B . i , 4 weeks old rats (18)received either 10 doses of FeNTA ( a ) ,  
a single dose (see arrow)of FeNTA ( a )or 0.9% saline ( o ).
The dose of FeNTA given was 6mg on days'!, 2, 5, 6 and 7 
and 12mg iron/kg body wt on days 8 ,9 , 13, 14 and 15.
Points represent the means of 6 to 10 rats (except at *  
when n=3).S.D.<25g for all determinations.
Group means were unaffected by any deaths.
Table 4.1
Tissue to Body Weight Ratios After Administration 
of Iron Nitrilotriacetate to Rats
The mean tissue to body weight ratios were determined in 
liver, spleen and kidney of 6 to 1 0-weeks old male rats after 
sub-chronic administration of Fe NTA (5 x 6mg iron/kg body wt 
and 5 x 12 m g iron/kg body wt) i.p. over 14 days to group 3b 
and 6a or saline only to control groups 1 and 5.
Tissue to body 
weight ratio
Group (%)
Liver Kidneys
1 4.4 + 0.7 0.6 + 0.1
3b 5.4 + 0.6 1.7 + 0.5
5 4.5 + 0.2 0.7 + 0.1
6a 5.3 + 0.3 1.6 + 0.4
Values are the means + S.E.M. of 5-10 rats.
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Figure4.2 Effect on Body Weight of Feeding Iron-Supplemented
- - • -- --------------- ------- — - — —   i - "T
Diets to Rats------------------------------------- ------- -
8 weeks old rats (18)receiyed either. carbonyl i ron 
(0-1% w/w diet,"), FeS04 (0-35% w/w diet,a) 
or control diet only.
Points represent the means of 6 rats 
S.D.<25g for all determinations^
renal failure. Prior Fe NTA treatment had no effect on the 
ethane exhalation immediately after Fe NTA administration, 
though this did appear to be less in the 4-week old than in 
the 8-week old rats. (Table 4.2). The response to acute or 
sub-chronic Fe NTA administration related only to the 
challenging dose of iron irrespective of any prior treatment.
Adding carbonyl iron to the diet of group 8b or ferrous 
sulphate to the diet of group 7b had no effect on the daily 
average food intake (Table 4.3). Dietary administration of 
carbonyl iron to group 8b (Table 4.4) or ferrous sulphate to 
some individual rats monitored in group 7b, had little if any 
effect on endogenous levels of ethane exhalation (results not 
shown). Endogenous ethane exhalation decreased in control 
group 8a and test group 8b after 10 weeks of age in some 
individual rats monitored. This was probably due to the 
greater bodyweight increase than to a decrease of ethane 
exhalation with age. Parenteral administration of iron 
dextran induced a transient decrease in endogenous ethane 
exhalation over 30 min but this was stabilised within 90 min 
(Table 4.5). Dietary administration of carbonyl iron led to a 
significant increase in MDA production in the liver (p<0.05) 
and , kldnev fpCQ.l ) . end a Ciinni ■Fic'ant- i oo i" ti 4- Vi z-> ■! v- a
concentration in the kidney (p<0.05) and spleen (p<0.1) 
;Table 4.6).
Administration of FeNTA caused a sustained and 
increasing diuresis with increasing iron load and a 
concomitant decrease in creatinine concentrations. Urinary
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Table 4.2
Effects of Age and Prior Iron N itrilo triacetate Treatment on
Ethane Exhalation and Survival Rate of Rats Receiving a 
Further Dose of Iron N itrilotriacetate
Individual male rats were placed in the chamber to determ ine ethane exhalation 
over 45 min im m ediate ly a fte r the challenge 6 mg iron /kg  or 12 mg iron/kg 
doses on the 13th day o f the study o f the e ffec ts  o f acute and sub-chronic 
FeNTA adm in istra tion (fo r details o f dosing see Figure 4.1).
FeNTA dose 
(mg iron /kg  body w t)
Ethane exhalation over 45 min 
(nm ol/kg body w t)
Cum ulative iron dose 
over the previous 12 days
Challenge 
dose o f iron 4 week old rats 8 week old rats
0 6 n.d. 93 + 9 (100%; 4a)
18 6 n.d. 80 + 32 (100%; 2b)
66 12 135 + 44 (100%; 6a) 222 + 67 ( 70%; 3b)
0 12 143 + 38 (67%; 6b) 220 + 27 ( 30%; 4b)
Values are the means + S.E.M. o f 4-8 rats 
n .d . = not determined
Values in parenthesis are the percentage o f surviving animals at 24 hours fo r n = 6 to 10 
rats and the group names respective ly.
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Table 4.3
Effects of Maintaining Rats on Carbonyl Iron or Ferrous
Sulphate-Supplemented Diets on Daily Food Intake
Male 8-weeks old rats were given FeSO^ (0.035% w/w diet; 
group 7b) or carbonyl iron (0.1% w/w diet; group 8b) 
added to the food for 25 or 50 days respectively and the 
average daily food intake estimated. Controls received 
powdered diet only for similar periods.
Dietary iron 
supplement
Average daily food intake 
(g/200g rat) 
Controls Test
Ferrous sulphate 17.8 + 0.5 (10) 18.3 + 0.7 (10)
Carbonyl iron 17.2 + 1.0 (6) 17.4 + 1.2 (6)
Values are the means 4- S.E.M. of the number of mice 
in parenthesis.
129
Table 4.4
Ethane Production by Rats Given Powdered Iron as a Dietary Supplement
Individual male rats were placed in the chamber to  determ ine ethane 
exhalation over 30, 60 and 90 min on various days a fte r receiving 
powdered d ie t w ith  (group 8b)or w ithou t (group 8a) additional 
carbonyl iron (0.1% w /w  diet).
Cum ulative 
Ethane exhalation (nm ol/kg body w t)
Days 
on diet
Group 30 min 60 min 90 min
0 C ontro l d ie t 7 + 1 11 + 1 1 4 + 1Iron diet 7 + 1 11 + 1 15 + 1
2 C ontro l d iet 6 + 1 11 + 2 14 + 1
Iron diet 7 + 1 10 + 1 14 + 1
C ontro l d ie t 8 + 2 11 + 2 13 + 23 Iron diet 7 + 1 7 + 2 12 + 1
12 C ontro l d iet 6 + 1 11 + 1
16 + 1
Iron diet 7 + 1 9 + 1 1 4 + 1
47
C ontro l d iet 4 + 2 7 + 2 8 + 2
Iron diet 2 + 1 4 + 1 7 + 3
Values are the means + S.E.M. o f 4 rats.
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Table 4.5
Ethane Exhalation and Liver Malondialdehyde Production
by Rats Given an Intraperitoneal Dose of Iron Dextran
Individual 8-weeks old male rats were placed in the 
chamber immediately after administration of iron dextran 
(500mg iron/kg body wt) i.p. or dextran only to determine 
ethane exhalation over 3 0, 6 0, and 90 min. Liver MDA 
production was determined 24 h after dosing.
Time in chamber 
(min)
Cumulative 
ethane exhalation
(nmol/kg body wt)
Dextran Iron dextran
3 0 1 3 + 2  4 + 1
6 0 1 7 + 4  1 2 + 2
90 1 9 + 1  1 7 + 4
Liver MDA 
production 
(nmol/g)
2 6 + 3  2 3 + 3
Values are the means + S.E.M. of 4 rats.
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glucose and iron concentrations increased 5 0-100 fold 
(results not shown). Acute administration of Fe NTA to group 
4b greatly increased the activity of alkaline phosphatase and 
"y-g lut amyl transpeptidase (Table 4.7) and thiobarbi tur ic 
acid-reactivity (results not shown) in the urine compared to 
control group 1. Sub-chronic administration of Fe NTA to 
groups 2b and 3b did not significantly increase the 
activities of kidney brush border enzymes, alkaline 
phosphatase and 'y-glutamyl transpeptidase when they were 
measured towards the middle and at the end of the dosing 
regime. In the case of alkaline phosphatase, activity was 
significantly decreased (p<0.025) in group 3b after sub­
chronic Fe NTA administration compared to group 1.
Sub-chronic administration of Fe NTA to groups 3b and 6a 
significantly decreased glutathione peroxidase activity with 
hydrogen peroxide as substrate (p<0.025), compared to control 
groups 1 and 5 respectively. A similar trend was apparent with 
cumene hydroperoxide as substrate (Table 4.8). Acute 
administration of Fe NTA to group 6b significantly decreased 
hepatic cytochrome P-450 content (p<0.01) and benzphetamine N- 
deme thyla se activity ( p< 0.0 2 ) compared to control group 5 
(Table 4.9). Sub-chronic administration of Fe NTA to groups 3b 
and 6a showed a similar trend in comparison with control group 
1. Ethoxyresorufin O-dee thylase activity was however 
significant!y increased by acute (p<0.1 ) and sub-chronic 
(pCO.Ol) administration of Fe NTA.
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Sub-chronic administration of Fe NTA to group 3b 
decreased the packed cell volume but had little if any effect 
on haemoglobin content of blood or the proportion of 
circulating reticulocytes (Table 4.10). The total number of 
circulating white cells increased as a result of sub-chronic 
administration of Fe NTA. In particular lymphocyte numbers 
doubled and neutrophil, eosinophil and monocytes numbers 
increased four-fold compared with control group 1 but 
eosinophil numbers were unchanged. High plasma glutamate 
pyruvate transaminase activity was found in some individual 
animals in group 3b consistent with a few individual rats 
showing hepatic damage. Plasma iron concentration of the 
groups investigated was unremarkable except for a significant 
decrease in Fe NTA treated group 3b (p<0.01) compared with 
control group 1 (Table 4.11). Plasma iron was greatly 
increased in iron dextran-treated group 9b to the extent it 
was not reliably estimated.
In general, all hepatic, haematological and urinary 
parameters following sub-chronic administration of NTA alone 
to group 3a were similar to control group 1. However NTA- 
treatment was associated with a significant decrease in the 
iron concentration of the Liver (p<0_01) but net kidney 
(Table 4.12). Hepatic iron concentrations determined in some 
individual rats in Fe NTA-treated group 3b and iron dextran- - 
treated group 9b were increased several-fold (results not 
shown). Tissue copper and zinc concentrations were unaffected 
by administration of either Fe NTA or NTA alone.
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Table 4.10
Effects of Sub-chronic Administration of Iron Nitrilotriacetate 
to Rats on Various Haematological Parameters
Blood was collected from pentobarbitone-anaesthetised 12- 
weeks old male rats by venepuncture 24 h after the last dose 
of various treatments to determine the haema tological 
parameters below.
Treatments were as follows: Group 1 received saline only; 
Group 3b received 10 doses of FeNTA (5 x 6mg iron/kg body 
weight and 5 x 12mg iron/kg body wt) i.p. over 14 days; Group 
3a received equivalent doses of NTA only.
Group 1 3a 3b
b
Packed cell volume 40 + 1 40 + 1 34 + 1
(%)
Haemoglobin (g/dl) 13.5 + 0.2 13.3 + 0.1 12.5 + 0.4
Reticulocyte count 
(% of RBC) 5.1 + 1.1 4.8 + 1.2 5.8 + 3.5
Total white cell count 5.8 + 0.3 5.3 + 0.6 15.3 +
1
3.0
(cell/nl blood)
Lymphocyte count 4.5 + 0.5 4.2 + 0.4 7.9 + 0.8
(cell/nl blood)
Neutrophil count 1.4 + 0.2 1.0 + 0.2 7.0 + 3.0
(cell/nl blood)
Monocyte count 60 + 4 57 + 22 277 +
a
.82
(cell/jcil blood)
Eosinophil count . 88 + 13 79 4- 26 8 0 j. 52
(cell/'/xi blood)
Plasma glutamate
pyruvate transaminase 27 + 3 30 + 2 96 + 57
(U/l)
Values are the means 
a, p < 0.05; b , p < 0
+ S.E.M. 
.01 with
of 5-10 
respect
rats.
to control group' 1.
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Table 4.11
Effect of Various Iron Treatments to Rats on
Plasma Iron Concentration
Plasma iron concentrations of 8-10 weeks old male rats 
were determined 2 4 h after termination of various iron 
treatments.
Treatments were as follows: Groups 1 and 9a received 
saline only; Group 3b received 10 doses of FeNTA (5 x 
6mg iron/kg body weight and 5 x 12mg iron/kg body wt) 
i.p. over 14 days ; Group 3a received equivalent doses of 
NTA only; Group 7a and 8a received powdered diet only; 
Group 7b received FeS04 (0.03 5% w/w diet) added to the 
food for 25 days; Group 8b received 0.325 mesh carbonyl 
iron powder (0.1% w/w diet) added to the food for 50 
days. Group 9b received a single dose of iron dextran 
(500mg iron/kg body wt)i.p.
Control Plasma iron Test Plasma iron
group concentration group concentration
(uM) (uM)
3a 31.8 + 3.9
1 36.6 + 3.2
3b 23.4 + 3.3
7a 27.9 + 4.3 7b 34.6 + 4.4
8a 26.3 + 0.8 8b 25.8 + 2.2
9a 35.0 + 5.8 9b (+100)
Values are the means + S.E.M. of 5-10 rats. 
a, p < 0.01 with respect to the control group 1.
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Table 4.12
Tissue Iron, Copper and Zinc Concentrations After
Parenteral Administration of Disodium 
Nitrilotriacetate to Rats
Tissue iron, copper and zinc concentrations were determined 
in liver and kidney of 10-weeks old male rats after sub­
chronic administration of NTA (5 x 75mg NTA/kg body wt and 
5 x 15 0 mg NTA/kg body wt? group 3a) i.p. over 14 days or 
after saline only (group 1).
Tissue metal concentration 
Iron Zinc Copper
Tissue Group
(umol/g)
1 1.94 + 0.05 0.42 + 0.01 0.07 + 0.01
Liver a
3a 1.66 + 0.07 0.43 + 0.01 0.07 + 0.01
1 1.42 + 0.02 0.33 + 0.01 0.13 + 0.01
Kidney
3a 1.38 + 0.09 0.35 + 0.01 0.14 + 0.01
Values are the means + S.E.M. of 4-5 rats.
a, p < 0.01 with respect to the appropiate control group.
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Light Microscope Observations
Control group 1 (n = l0; Figure 4.3A) , and NTA-treated 
group 3a (n=10) showed no abnormalities in any of the tissues 
examined apart from slight hydronephrosis in kidney cortex 
occasional foci of inflammatory cells in liver, and a varied 
degree of extra medullary haemopoiesis in the spleen in 
individual animals. Only traces of iron staining were 
observed in either group.
The Fe NTA-trea ted group 3 b ( n = 7) that survived t hé 
treatment all displayed severe kidney lesions consisting of 
necrosis affecting most proximal convoluted tubules in the 
cortex (Figure 4.3B) with almost complete loss of epithelium. 
Cells appeared to be shed into the lumen of many of the 
proximal convoluted tubules, which were markedly dilated. 
Compared to the tubules at the cortico-medullary junction of 
control group 1 animals (Figure 4.3C), those of group 3b 
animals contained haemoglobin-coloured casts (Figure 4.3D).
Glomeruli appeared normal but were frequently devoid of 
red blood cells. Bowman's capsules were often dilated and had 
thickened basement membranes. Cortical tubules appeared more 
basophilic, and contained deeply basophilic ma teriaVat the 
cortico-medullary junction. This material also stained for 
iron within the tubules in serial section. There was a slight 
apparent increase in the mitotic index compared to control 
group 1.
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Figure 4.3 (A) Control rat kidney cortex and (B) 24h after last dose of sub-chronic Fe 
NTA treatm ent (5 x 6mg iro n /kg body wt and 5 x 6mg iro n /kg body wt) over 14 days 
(haematoxylin and eos inx  100). (C) Control rat kidney cortico-m edul lary junction  and 
(D) 24h after last dose of sub-chronic Fe NTA treatm ent (haem atoxylin and eosin x 
40).
No significant abnormalities were observed in the 
livers or spleens of Fe NTA-treated group 3b or iron dextran- 
treated group 9b. In the spleens, the Fe NTA-trea ted group 
did show a tendency towards decreased extramedullary 
haemopoiesis and increased numbers of polymorphonuclear 
lymphocytes in the sinusoids compared with control group 1. 
An unidentified brown pigment was visible in the red pulp. 
Both organs were, however, extensively stained for iron.
In the livers of the iron dextran-treated group the lumen 
of blood vessels, sinusoids and Kupffer cells were loaded with 
iron and some staining in the hepatocytes was also observed. 
In the Fe NTA-treated group however fine blue granules were 
seen predominantly in the hepa tocytes, particularly those 
adjacent to the central veins and portal tracts. The spleens 
of both groups were stained mainly in the red pulp, 
particularly the macrophages.
Blood smears of Fe NTA-treated group 3b (Figure 4.4B) 
consistently showed a marked degree of anisocytosis and 
poikilocytosis among the erythrocytes compared to NTA-treated 
group 3a and control group 1. (Figure 4.4A). There were also 
increased numbers of normoblasts. There was no evidence of 
abnormalities or increased iron staining in the sternal bone- 
marrow or bladder.
In control group 1 (n=5?Figure 4.4C) and NTA-treated 
group 3a (n = 5), the proximal convoluted tubules stained 
strongly for alkaline phosphatase activity with less staining
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Figure 4.4 (A) Control rat blood and (B) 24h after last dose of sub-chronic Fe NTA 
treatm ent (5 x 6mg iro n /kg body wt and 5 x 6mg iron /kg  body wt) over 14 days(M ay- 
Grünwald and Giemsa x 1000). (C) Control rat kidney cortex alkaline phosphatase 
histochem istry and (D) 24h after last dose of sub-chronic Fe NTA treatm ent (Butcher 
and Chayen x 400).
seen in the glomeruli and in the tunica adventitia of blood 
vessels. The proximal tubules of FeNTA-treated group 3b (n=4; 
Figure 4.4D) stained extremely weakly, the glomeruli not at 
all, but the blood vessels stained similarly to controls and 
NTA-treated rats.
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Discussion
The total iron intake per animal was estimated to be 10- 
15mg in the Fe NTA-treated 4-8 week old rats and 2 0 Omg in the 
dietary iron-treated rats over the first two weeks of 
treatment, and lOOmg in rats receiving a single injection of 
iron dextran. However, only rats receiving Fe NTA showed 
parenchymal cell loading, evidence of lipid peroxidation in 
vivo and iron toxicity. The intake of dietary administered 
iron was probably insufficient to overcome mucosal inhibition 
(Hahn et a_l., 19 4 3; Forth and Rummel, 19 73) of absorption. 
The route of administration and chemical form of the iron are 
clearly important, as even parenterally administered 
elemental iron or iron dextran take considerable time to 
migrate from the Kupffer cells to parenchymal tissue (Pechet 
et al., 196 9).
NTA is known to increase the absorption of iron in the 
duodenal digesta of the sheep (Ivan et al., 1979), but 
according to Anderson et a 1 ( 19 85), who summarised the
results of experiments performed by Okada and Midor ikawa 
(1982), chronic administration of Fe NTA at 1% in the diet to 
rats for 28 days has no effect on haematology, blood 
chemistry or tissue morphology. In contrast to these 
findings it has been reported that although 2 OmM Fe NTA in 
the drinking water of lactating dams can efficiently fulfill 
their pups iron requirements with no ill effects to either 
generation (Keen ejt al_., 19 80), half this concentration of Fe 
NTA causes dehydration and weight loss when present in a
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powdered milk diet given to rat mothers (Carmichael et al., 
1977).
The failure of continued administration of parenteral Fe 
NTA to cause increased levels of the urinary kidney brush 
border enzyme activities, or even control levels in the case 
of alkaline phosphatase, was expected as the histochemical 
method demonstrated the loss of the active enzymes from the 
epithelium of the proximal convoluted tubule. The occurrence 
of thiobarbituric acid-reactive compounds in the urine from 
Fe NTA administered rats may also indicate the occurence of 
lipid peroxidation in vivo (Draper et. a_l., 19 84) especially 
in association with ethane exhalation (Ekstrôm et al., 1986). 
However the presence of iron (Awai £t a_l. , 19 82 ) in
association with excreted carbohydrates and amino acids due 
to impaired renal function might also have generated MDA 
under the conditions of the assay (see chapter 1, page 3 0; 
Gu t ter id ge 19 82). In this respect it is not surprising the 
lysine adduct of malondialdehyde could not be detected in the 
urine after Fe NTA administration (Draper e_t a_l., 19 86),
although there is some evidence for the presence of 
malondialdehyde metabolites in urine after MDA administration 
to mice ( Marne tt e_t a_l., 1985).
Fe NTA administration preferentially inhibited N- 
demethyla se activity usually associated with phenobarbi tone 
(PB)-inducible P-450 isozymes/forms. This was expected as 
microsomes containing PB-induced forms (Jeffrey e_t al., 
1977), and the purified PB-inducible isozyme from control
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rats (Gibson and Schenk ma n, 19 78) are less stable in the 
presence of linoleic acid hydroperoxide than the 3-MC- 
i nduc ible isozymes/forms (P—4 48). Similar results were 
observed following acute administration of the model 
hepa to toxin carbon tetrachloride In vivo (Head et -al., 1981), 
although cytochrome P-45 0 could be destroyed by the CCI3-OO* 
radical as well as by lipid hydroperoxides.
Hepatic cytochromes P-450 have peroxidase activity 
towards lipid peroxides in vi tro (Hrycay and O'Brien, 1971; 
Cava11 in i e t a 1., 19 83). However the two-fold induction of 
microsomal ethoxyresorufin O-dee thyla se activity in vivo is 
unconvincing evidence for a switch towards greater 
peroxidatic activity of cytochrome P-448 as a result of sub­
chronic parenteral Fe NTA administration. Conventional 
inducing agents increase this O-dee thyla se activity seventy 
to a thousand-fold (Burke and Mayer 197 4; Pascoe and Correia 
19 85). Still it is suprising, as Fe NTA will not potentiate 
the induction of cytochrome P-45 0 in the cultured chick 
embryonic hepa tocye even when given with uroporphyrogenic 
drugs (Shedlof sky et. a_l., 19 8 3 ). However, Fe NTA will
potentiate the induction of 5-aminolaevulinate synthase by 
uroporphyrogenic drugs, the rate-limiting step of ha cm 
synthesis, presumably by supplying iron in a readily 
available form.
Fe NTA can supply iron to the rat entereocyte (Parmley 
Gt al., 1984) and dietary iron and selenium are required for
induced cytochrome P-450 synthesis in the intestinal mucosa.
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/3-naphthoflavone induced syntheses of cytochromes P-4 48, 
which are capable of catalysing ethoxyresorufin CD- 
dee thyla t ion, are less coupled to the availabilty of haem 
than are the syntheses of the constitutive forms of the 
cytochrome in the entereocyte (Pascoe and Correia, 19 85). So 
possibly these forms predominate in utilisation of iron from 
Fe NTA in the hepa tocy te as well.
The major substrate of selenium-dependent glutathione 
peroxidase i_n vivo is probably rather than a lipid
hydroperoxide (see chapter 1, page 4 9; McCay e_t a_l., 19 76? 
Grossman and Wendel, 1983). It is a fairly resistant to 
inactivation (Condell and Tappel, 19 83), but reaction with 
superoxide generated by Fe NTA (Matsuura, 1983) and 
subsequent reaction with excess lipid hydroperoxides could 
have resulted in the inhibition of the protective enzyme 
(Blum and Fridovich, 19 85). High levels of active oxygen 
species are believed to be associated with glutathione 
peroxidase inhibition in other situations, for example 
following chronic administration of peroxisomal proliferating 
hypolipidemic drugs (Ci r iolo et. a_l., 19 82 ; Furukawa et al., 
1985). The peroxidase activity of the non-selenium-dependent 
glutathione S-transfcrooc. isozymes . Y a Ya, YaYc anu'"-YcYu (now 
named 1-1, 1-2 and 2-2; Jakoby et al_., 19 8 4) induced during 
selenium deficiency (Mehlert and Diplock, 19 85), but not by 
conventional microsomal inducing agents (Schramm e_t a 1., 
1985), was apparently unaffected by the Fe NTA treatment.
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The falls in the packed cell volume and plasma iron, and 
to a lesser extent the haemoglobin concentration 24 hours 
after the last injection of Fe NTA to group 3b, is consistent 
with the development of haemolysis. These effects were 
probably masked by haemoconcentrâtion 2 hours after acute Fe 
NTA administration (see chapter 3, table 3.5). The less 
extensive decrease in haemoglobin concentration compared to 
packed cell volume indicates a degree of microangiopathic 
uraemia (see below) may occur in association with the 
haemolysis after sub-chronic administration. A significant 
fraction of the erythrocytes probably suffered abrasive 
forces during passage through the damaged vasculature of the 
kidneys. This had affected their packed cell volume but 
otherwise they had remained structurally intact i.e unlike 
haemolysed erythrocytes they did not release haemoglobin to 
the plasma. The large increases in white cell numbers in 
group 3b compared to control group 1 indicate the occurrence 
of an inflammatory and leucotactic response to Fe NTA-induced 
tissue damage and possibly to the iron itself as seen with 
acute administration of Fe NTA.
Chronic parenteral administration of Fe NTA to rats with 
gradual increment of iron dose was originally.reported not to 
cause renal dysfunction (Awai ejt a_l., 19 79; May e_t a_l 19 80; 
Tanegras e_t a_l., 19 83). Fe NTA stimulates insulin secretion 
of pancreatic islet cells _in v i tro (Akita e_t a^ l., 19 83) and 
affects zinc metabolism in the pancreas in vivo, in 
association with profound effects on plasma glucose, insulin
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and glucagon concentrations (Yamanoi et aJU, 19 84). These
authors concluded that iron deposition in the pancreas could 
explain the diabetogenic effects, assuming kidney function 
was normal or at least unaffected directly by Fe NTA.
In the present studies sub-chronic parenteral 
administration of Fe NTA with rapid increment of iron dose 
caused acute tubular necrosis (Hamazaki et aJL., 19 85), but 
also induced a degree of tolerance to subsequent higher doses 
of Fe NTA when compared to their acute administration. The 
tolerance to incremental Fe NTA administration can not easily 
be explained by the induction of inhibitory agents to lipid 
peroxidation _in vivo, as ethane exhalation remained constant. 
This indicates that if prior treatment induced an increased 
protective capacity, it did not protect by inhibiting lipid 
peroxidation. Alternatively, the lipid peroxidation was 
unrelated to the lethality. Incidentally, the fall in 
endogenous ethane exhalation with age in rats (when related 
to body weight) on the iron supplemented-diets has been 
reported by other workers (Ekstrbm et al., 1986).
Feasibly the ethane may be produced by lipid 
peroxidation occurring in a less vulnerable site than the 
kidney following prior treatment. If it was the liver, the 
accumulated iron might limit further Fe NTA-induced uptake. 
However, the diuresis, glucosuria, apparent microangiopathic 
uraemia, loss of brush border marker enzymes and 
histopathological observations all indicate that the proximal 
convoluted tubules were the site of damage.
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The induction of amyloidosis (often associated with 
renal failure) by greatly extended Fe NTA dosing regimes to 
succesive generations of rats (Maeda, 1983) and mice has been 
reported, and the amyloid fibrils, produced in the mouse 
liver and spleen (Ogura, 19 83) and digestive tract (Liu et 
a1•r 1986) have been studied by electron microscopy.
«vçffoC.iWf'ed
Secondary amyloidosis, is often seen in auto-immune- disease? 
such as rheumatoid arthritis. Long-term chronic 
administration of Fe NTA to the baboon has a fibrogenic 
effect, and in particular decreases the activity of hepatic 
4-prolylhydroxyla se (Brissot et al 19 84), an enzyme which 
requires ascorbate to reduce the iron at its active site. 
Administration of NTA a1 one increases urinary excretion of 
chondroitin sulphate in the dog (Jaques and Sue, 1975), which 
may also indicate an NTA-related effect on connective tissue 
in higher mammals. However NT A does not increase urinary 
chondroitin sulphate (Hiles, 19 7 7) or hydroxyproline 
excretion in the rat (Anderson et al., 1985).
Administration of NTA alone at high doses increases the 
kidney to body weight ratio (Anderson and Kanerva 1978a). It 
can facilitate calcium extraction from the bladder (Anderson 
and Kanerva. 1 9 7 8L . a n d .  i n c r e a s e  t h e  proximal convoluted 
tubules epithelial zinc resorption (Anderson 1981) in 
association with renal tubular cell toxicity. However, 
removal of hepatic iron at low doses of NTA has not 
previously been reported by these workers. Chronic oral 
administration of NTA a1 one at high doses induces urinary
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tract neoplasia (Anderson e t al., 19 82). The epigenetic 
mechanisms involved are believed to be either a specific 
result of hyperplasia of the epithelium after NTA-induced 
vacuolation or a non-specific concomitant exacerbation of 
age-related nephrosis. Chronic dietary NTA administration 
also promotes renal tubular cell tumours (Hiasa et'al., 1984) 
and urinary bladder cancer (Kitahori et al., 1985; Fukushima 
et-al., 19 8 5 ) induced by N-a 1kyl-(N-hydroxyaIky 1 )- 
nitrosamines, although this may be subsidiary to its own 
carcinogenic effect (Anderson et al., 1986).
The slight apparent increase of the mitotic index of 
Fe NTA-treated group 3b is indicative of an increased rate of 
epithelial regeneration in response to metal nephrotoxicity 
(Cuppage and Tate, 1967). This might have been induced before 
and subsequently protected against the lethality of the later 
higher doses of Fe NTA. A failure to control epithelial 
regeneration after termination of chronic F e N T A  
administration might explain the subsequent occurrence of 
renal adenocarcinoma (Okada and Midorikawa, 19 82 ).
Paradoxically, iron loading of hepa tocyte s by chronic Fe NTA 
administration is probably antagonistic to the 
carcinogenicity nf 9 - e c e t a m i n o f 1 u o r-e n e w hen they, are co­
administered (Malvaldi 1981).
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CHAPTER FIVE
EFFECTS OF GLUTATHIONE DEPLETION, DIETARY ANTIOXIDANT CONTENT, 
DIURESIS, CHELATION THERAPY AND HYPOXIA ON IRON 
NITRILOTRIACETATE-INDUCED LIPID PEROXIDATION IN VIVO
Introduction
Iron administration to rats and mice, especially when 
chelated by nitrilotriacetate (NTA) has been shown to cause 
increased lipid peroxidation in vivo in association with 
tissue damage (see chapters 3 and 4). tert-Butyl 
hydroperoxide is also a potent inducer of lipid peroxidation 
jjl yivo (see chapter 2). Many protective mechanisms against 
such lipid peroxidation in vivo are dependent on glutathione. 
Consequently depletion of GSH, e.g. by conjugation with 
phorone rn vivo, increases chemiluminescence, MDA production 
(Cadenas e_t a_l., 1981), and ethane production in vitro
(Younes and Siegers, 1983) and ferrous sulphate-induced 
ethane exhalation in_ vivo (Younes et al., 1984). It is
important to note though, that in contrast to the degree of 
MDA production (Yoshikawa et al., 1982), once lipid
peroxidation has been initiated in v i tro, the degree of 
ethane production is inversely related to the oxygen 
concentration (Cohen, 1982).
The microbial siderophore, desferrioxami ne (Neilands, 
1981), which is used in the treatment of iron overload 
(Huebers, 19 83), has also found use in the treatment of free 
radical -mediated diseases (Gutter idge e_t a_L., 1979 ). It
inhibits the iron-promoted induction of lipid peroxidation by 
asbestos dust (Gulumian et al., 1983; Weitzman and Weitberg, 
1985), carbon tetrachloride, paracetamol (Younes and Siegers, 
1985) and possibly the toxicity of alloxan and paraquat, and 
also has numerous effects on the iron-mediated auto-immune
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processes (Halliwell and Gutteridge, 19 86). The diuretic 
furosemide can also protect against metal-induced toxicity 
when it occurs in the kidney (Thiel et. a_l., 1976).
Fasting depletes liver glutathione (Tateishi et al., 
1974) while increasing its synthesis and turnover in the rat 
(Lauterburg and Mitchell, 1981). Maintaining normal levels of 
glutathione is probably essential in rats deficient in 
vitamin E and selenium, as fasting results in lung 
haemorrhage, liver necrosis and an exponential increase in 
ethane exhalation shortly before death (Hafeman and Hoekstra, 
19 77). Vitamin E-deficiency a1 one has been reported to 
increase tissue MDA production ( Mihara et aJL., 19 80?
Sevenian, 19 82) and endogenous ethane exhalation in the 
presence (Dillard et a1., 1977) and absence (Lawrence and 
Cohen, 19 82) of increased pentane exhalation in the rat. 
Vitamin E- and selenium-deficiency also increases ferrous 
chloride-induced and iron dextran-induced ethane exhalation 
(Dougherty e_t a_l*, 1981) and iron dextran-induced pentane
exhalation (Dillard et al., 1983) in rats.
The hepatotoxicity of toxic electrophiles such as 
some of the metabolites of paracetamol and bromobenzene is 
potentiated by co-administration of diethylmaleate (DEM) or 
phorone (Van Dorn e t a 1., 19 78), but such agents when used 
experimentally may also effect drug-metabolising and 
conjugating enzymes as well as depleting glutathione. 
However, inhibition of glutathione synthesis (Griffith, 1982?
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Dierickx and Asnong, 1983) with buthionine sulphoximine (BSO; 
Figure 1.3) has little effect on hepatic drug metabolism and 
conjugation (Drew and Miners, 19 84; White e_tal., 19 84) and 
proximal tubule metabolism (SchnelImann and Mandel, 1985) 
compared to other agents commonly used. Consequently BSO is 
the preferred agent with which experimentally to deplete 
glutathione when studying its effects on the toxicity of 
certain compounds. This is especially true of the kidney in 
which BSO depletes glutathione the most rapidly of all the 
tissues (Griffith and Meister, 1979).
BSO has been found to sensitise some tumour cell lines 
to H^O^ (Arrick ejt a_l 1982), L-phenylalanine mustard (Somfai- 
Relle e_t al 1984) and X-rays (Bertsche and Schorn, 1986), and 
there are hopes to use it in cancer therapy. It increases the 
hepatoxicity of paracetamol (Hue et al., 1985) in vitro, and 
the nephrotoxicity of chloroform (White et a_l., 1984) and a 
nitrosourea (Kramer e^jt a_ 1^ ., 19 8 5 ) in vivo when co­
administered. BSO also increases the pulmonary toxicity of a 
large dose of the antioxidant butylated hydroxytoluene (3,5- 
di-tert-butyl-4-hydroxytoluene, BHT) in mice (Mizutani et 
al., 19 84).
Oral administration of BHT increases glutathione 
concentration and glutathione transferase activity towards 
chloronitrobenzenes in mouse liver and other organs but not 
as much as its homologue BHA. Dietary administration of BHT 
increases glutathione transferase activity towards 
chioronitrobenzenes, but not non-selen ium-dependent
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glutathione peroxidase activity towards cumene hydroperoxide 
in rat liver (Awasthi et al., 1983; Schramm et al 1985).
In this chapter the effects of phorone and BSO on 
glutathione metabolism, and the effects of the latter agent 
on Fe NTA-induced lipid peroxidation in vivo were determined 
in the rat. The effects of glutathione depletion, vitamin E 
deficiency, dietary BHT supplementation, diuresis, chelation 
therapy and hypoxia on Fe NTA-induced ethane exhalation and 
MDA production were also investigated in the mouse. Further, 
the effect of dietary BHT supplementation on the effects of 
tert-butyl hydroperoxide administration, were investigated 
for comparison.
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Materials and Methods
BSO (buthionine s ulphoxi m i ne) was obtained from the 
Chemical Dynamics Corporation, South Plainfield, New Jersey, 
USA. Fur os em i de was obtained from Hoechst Pharmaceuticals 
Ltd,Hounslow ,Middlesex, UK. Monobromobimane was obtained
from Calbiochem-Be hring Corporation, La Jolla, California, 
USA. ter t-Butyl hydroperoxide, CDNB (1-chloro-2 , 4- 
di ni trobenze ne), DTNB (5,5,-dithiobis-(2-ni trobenzoic acid)), 
GSSG and 2-vinylpyridine were obtained from Sigma Chemicals 
Ltd (see also pages 5 7,90 and 121).
Experimental Procedures
Ethane exhalation, MDA production and tissue protein 
concentrations were determined, and histology performed, as 
previously described. Glutathione transferase activity 
towards CDNB was determined by the method of Habig e_t al., 
1974. Glutathione reductase activity was determined by the 
method of Carlberg and Mannervik, 1975. To confirm vitamin E 
deficiency in vivo, erythrocyte haemolysis tests were 
performed by the method of Draper and Csallany (1969).
Tissue and urinary total glutathione (GSH plus GSSG) and 
GSSG concentrations were originally determine^ hy the kinetic 
method of Owens and Belcher ( 19 65) and Griffith ( 19 80) 
respectively. Later, rat tissue total glutathione 
concentrations were re-estimated by the former method 
incorporating modifications suggested by Eyer and Podhradsky 
(1986). Further, to validate the results, several individual
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tissue and urine samples were assayed for GSH by an 
independent HPLC-fluor ime tr ic method (Newton et al., 1981? 
Burton and Aherne, 1986).
Animal Treatment 
Male Wi star albino rats, 4-weeks old (approximately 
100g body weight) were obtained from the University of Surrey 
Animal Breeding Unit, and male CD-I mice, 4 and 8-weeks old 
(approximately 15g and 3 Og body weight) were obtained from 
Charles River Ltd, and given free access to water and rodent 
maintenance diet, or the diet with added BHT, or a diet 
deficient in vitamin E (see Appendix) except during ethane 
collection. All doses were given intraperitoneally.
To investigate the effects of acute parenteral 
administration of glutathione-depleting agents on hepatic 
glutathione metabolism and MDA production, male rats were 
killed 2 hours after injection of either phorone (1.8 mmol/kg 
body weight), BSO ( 1.9 mmo 1/kg body weight) or saline. Enzyme 
activities were determined in the supernatant after 
centrifugation at 9000g.
To investigate the effects of BSO pretreatment on Fe 
NTA-induced lipid ..peroxidation,- 8-week old mice were given Fe 
NTA ( 2 mg and 6mg iron/kg body weight) or saline, and rats 
were given Fe NTA (6mg and 12mg iron/kg body weight) or 
saline immediately before determining ethane for 30 and 45 
min, and tissue MDA production and glutathione concentrations 
at 35 and 50 min respectively. Some of the mice and rats
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receiving the low dose of Fe NTA or saline were given BSO 
(2mmol/kg bodywe ight) to deplete glutathione, 2 or 4 hours 
before placing in the chamber, while urine was collected from 
others to determine urinary glutathione concentrations at 
various times over 24 hours after Fe NTA administration.
To investigate the effects of dietary vitamin E- 
deficiency and additional dietary supplementation of BHT on 
endogenous lipid peroxidation in vivo, the rate of 
erythrocyte haemolysis and ethane exhalation over 30 min was 
determined on various days, using 4-weeks old mice receiving 
vitamin E-deficient and 8-weeks old mice receiving BHT 
supplemented diets. After 115 days the effects of Fe-NTA (2mg 
iron/kg body we ig h t) on ethane exhalation over 30 min and 
tissue malondialdehyde production at 35 min, were determined 
in the mice on the vitamin E deficient diet. Similarly, the 
effects of tert-butyl hydroperoxide (200mg/kg body weight) 
and Fe NTA (4mg iron/kg body weight) on lipid peroxidation in 
vivo were compared using the mice on the BHT-sup pie men ted 
diet. The effects of the diet on hepatic glutathione 
transferase activity were also determined. The effect of BSO 
pretreatment on the mice fed the vitamin E deficient diet at 
115 days was invest i na ted ^  s deer-rihod above. Later, . the 
effects of vitamin E deficiency on Fe NTA-induced lipid 
per oxidation in vivo, were studied in the remaining mice 
after 200 days on the deficient diet.
To investigate the effects of diuresis on Fe NTA- 
induced lipid peroxidation in vivo, 8-weeks old mice were
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given furosemide (2 00mg/kg bodywe ight) or saline 1.5 hours 
before administration of- Fe NTA (4mg iron/kg bodyweight) and 
placed immediately in the chamber for determination of ethane 
exhalation over 30 min, and tissue MDA production at 35 min. 
Urine was collected before and during the ethane 
determination to measure urine volume over 2 hours.
To investigate the effects of chelation therapy on Fe 
NTA-induced lipid peroxidation i_n vivo, mice were given 
desferrioxamine B mesylate (267mg/kg body weight) or saline 1 
hour before administration of Fe NTA (6mg iron/kg bodyweight) 
and placed in the chamber for determination of ethane 
exhalation over 30 min, and tissue MDA production at 35 min. 
Urine was collected during ethane determination for 
examination.
To investigate the effect of oxygen tension on Fe NTA- 
stimulated ethane exhalation _in vivo, 8-weeks old mice were 
given either saline or Fe NTA ( 4m g iron/kg bodyweight) and 
then placed immediately in the chamber for determination of 
ethane exhalation over 30 min. During the experiment the 
oxygen tension was maintained at 8, 21 or'3 4% by a controlled 
influx of nitrogen and oxygen over 30 min at atmospheric 
pressure (see chapter 2, page 60).
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Results
In two hours phorone, treatment depleted rat liver total 
glutathione to a greater extent than did BSO treatment (Table
5.1). However administration of phorone but not BSO also 
resulted in a significant increase (p<0.01) in glutathione 
transferase activity towards CDNB, whereas administration of 
of BSO but not phorone showed a trend towards increasing 
glutathione reductase activity. Glutathione depletion over 2 
hours had little effect on liver MDA production.
BSO treatment resulted in a depletion of total 
glutathione in rat liver over a 4 hour 45 min period. When 
given alone BSO still had no effect on indices of lipid 
peroxidation in vivo, but led to large increases in ethane 
exhalation in rats (Table 5.2) and mice (Table 5.3) following 
acute parenteral Fe NTA administration. Similarly MDA 
production was greatly increased in rat liver and kidney and 
mouse kidney but not mouse liver, as the small increase of 
mouse liver MDA production seen after Fe NTA administration 
alone (see chapter 3, page 9 8, table 3.2), could not be 
enhanced by prior glutathione depletion.
The correlation cooff].cicntbet w e e n  eLhane ■ exha.la11on 
and liver MDA were 0.95 and 0.62 and between ethane 
exhalation and kidney MDA were 0.86 and 0.8 7 in rats (n=20) 
and mice (n = 2 8 ) respectively. These were similar to 
previously observed relationships (see chapter 3; pages 97 
and 100) but were unrelated to the dose of Fe NTA given.
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Table 5.1
Comparison of the Effects of Glutathione Depletion by 
by Buthionine Sulphoximine and Phorone in Rat Liver
Male 4-weeks old rats were given 1.9mmol/kg body wt of either 
buthionine sulphoximine or phorone, or 0.9% saline i.p. 2 h 
before killing. Liver MDA production and total glutathione 
content were determined immediately after death. Enzyme 
activities were determined in the supernatant after 
centrifugation at 9000g.
Treatments
Determination Saline Buthionine
Sulphoximine
Phorone
MDA Production 
(nmol/g)
49 + 4 4 5 + 2 43 + 7
Total glutathione 
(umol/g)
6.5 + 0.2 4.1 + 0.3 3.0 + 1.3
Glutathionetransferase 
(umol CDNB-GSH conjugate 
formed/mg protein per min)
1.7 + 0.1 1.7 +0.2
a
2.4 + 0.3
Glutathione reductase 
(nmol NADPH oxidised 
/mg protein per min)
82 + 3 102 + 27 85 + 3
Values are the means + S.E.M. of 4-8 rats, 
a, p < 0.01 with res ne e t  t o  t h e  cnnf-mi
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Administration of Fe NTA ( 6 m g iron/kg body weight) to 
mice (a high dose in the mouse; see chapter 3, page 98; table
3.2) greatly depleted kidney total glutathione without BSO 
pretreatment (Table 5.3). However, in preliminary experiments 
there was no associated significant increase in tissue GSSG, 
nor could glutathione, reduced or oxidised, be detected in 
the urine (results not shown). Paradoxically, the same dose 
of Fe NTA administered to rats (a low dose in the rat; 
see chapter 3, page 101; table 3.4) increased total.liver 
glutathione without BSO pretreatment (Table 5.2).
Feeding mice diets supplemented with additional BHT or 
deficient in vitamin E for 115 days had no effect on body 
weight gain (Figure 5.1). Diets supplemented with additional 
BHT ( 10 0 0 and 4 00 0 ppm ; Table 5.4) or deficient in vitamin E 
(9 i.u. o:-tocopherol ; results not shown) were consumed at 
the same rate as the control diet ( 125ppm BHT, 24 i.u. 
Œ-tocopherol; Table 5.4). Consumption of the diet 
supplemented with the greatest concentration of BHT (4000ppm) 
was associated with a significant increase ( p< 0.0 5) in 
hepatic glutathione transferase activity compared to the 
control group. Feeding a vitamin E-deficient diet (Figure 
5.2.)- or BH T - . c m p n l  o m o n t - o H  diet, to individual mice had no 
apparent effect on endogenous ethane exhalation at any time 
up to 115 days. A clear difference in the rate of erythrocyte 
haemolysis in tail bled mice only became apparent after 
feeding the vitamin E-deficient diet for 20 0 days (Figure
5.3) .
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Figure 51 Effect on Body Weight of Feeding BHT-Supplemented or Vitamin E-deficient 
Diets to Mice.
A) 8 weeks old mice (60) received either BHT-supplem ented ( 4 0 0 0 ppm,*; 
lOOOppm.A) or c o n tro l d ie t only (•) .
B) 4 weeks old rats (4Q)received either vitamin E-deficient (9 i.u.oc-tocopherol.a) 
or control diet, (d).
Control d iet contained 125ppm BHT and 24 i.u. a -tocophero l.
Points represent the means of 1 0 -2 0  mice S.D.< 3 g for all determ inations.
Table 5.4
Effects of Maintaining Mice on BHT-Supplemented Diets
on Daily Food Intake and Hepatic Glutathione 
Transferase Activity
Male mice were fed either control diet containing 12 5 ppm 
butyla ted hydroxytolue ne (BHT) or 1 000 or 4 000 ppm BHT for 
112 days and the average daily food intake was measured. 
Glutathione transferase activity was determined in the liver 
9000g supernatant.
Dietary BHT 
concentration
(ppm)
Average daily 
food intake
(g/3Og mouse)
Glutathione 
transferase 
( nmol CDNB-GSH 
conjugate formed/ 
mg prot perm in)
125
1000
4000
5.6 + 0.5 (20)
5.7 + 0.5 (20) 
6.0 + 0.5 (20)
423 + 28 (5)
417 + 55 (5) 
a
544 + 30 (4)
Values are the means S.E.M. of the number of mice in 
parenthesis.
a, p < 0.05 with respect to the control group.
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Fe NTA administration to mice fed a vitamin E-deficient 
diet for 115 days showed an unexpected trend towards 
decreased ethane exhalation compared to Fe NTA treated mice 
fed the control diet (Table 5.5). Fe NTA administration after 
BSO pretreatment to mice fed a vitamin E-deficient diet also 
showed a similar trend towards decreased ethane exhalation 
and also decreased kidney MDA production, compared to Fe NTA 
treated, BSO pretreated mice on the vitamin E-replete diet. 
The effects of Fe NTA and BSO in the mice on control diet 
being similar to those reported above.
Fe NTA administration to mice fed a diet containing 4000 
ppm BHT for 115 days showed a trend towards decreased ethane 
exhalation and to a lesser extent tissue MDA production 
compared to Fe NTA treated mice fed the control diet 
containing 125 ppm BHT (Table 5.6). In comparison tert-butyl 
hydroperoxide administration to mice fed the BHT-supplemented 
diet for 115 days resulted in similar ethane exhalation and 
greater tissue MDA production than the mice fed the control 
diet. Feeding the BHT-supplemented diet to mice decreased 
endogenous liver MDA production compared to mice fed to the 
control diet.
Administration of Fe NTA to mice fed the vitamin E- 
deficient diet for 20 0 days barely showed the trend towards 
moderately decreased ethane exhalation (compared to Fe NTA 
treated mice fed the control diet) which had previously been 
seen after 115 days on the diet (Table 5.7). The Fe NTA- 
induced kidney MDA production in the mice fed the control
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Figure 5.3
Effect on the Rate of Erythrocyte Haemolysis of Feeding Vitamin E-Deficient Diets to 
Mice.
The rate of erythrocyte haemolysis was compared from mice fed vitamin E-deficient 
(■) or control (•) diet for 200 days.
Points represent the means of 4-8 mice with vertical lines showing the S.D.
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Table 5.7
Effects of a D iet Deficient in Vitamin E on Ethane Exhalation and Malondialdehyde 
Production in Liver and Kidney of Mice following Administration of
Iron N itrilotriacetate
Individual male m ice were placed in the chamber im m edia te ly a fte r adm in istra tion o f 
saline or FeNTA (2mg iron/kg body w t) to determ ine ethane exhalation over 15 and 30 
m in. Tissue MDA producton was determ ined 35 min a fte r in jec tion . The m ice had 
been previously m aintained on a contro l d ie t or a diet de fic ien t in v itam in E fo r 200 
days.
Treatm ent
Ethane exhalation over 30 min
(nm ol/kg body w t)
MDA production (nm ol/g tissue)
L ive r Kidney
Saline 8 + 4 n.d. n.d.
FeNTA
V itam in E-
de fic ien t d iet 20 + 4 34 + 3 117 + 25
C ontro l d iet 25 +10 29 + 3 45 + 6
Values are the means + S.E.M. o f 3-5 m ice, 
n.d. = not determined.
169
diet for 2 00 days was considerably less than seen in younger 
animals given similar treatment.
Pretreating mice with furosemide before Fe NTA 
administration induced a significant increase (p<0.01) in 
urine volume (Table 5.8). This was associated with a 
significant decrease (p< 0.01 ) in ethane exhalation and a 
trend towards decreased kidney MDA production. Liver MDA 
production was unaffected by diuresis.
Pretreating mice with desferrioxamine before Fe NTA 
administration resulted in a significant decrease in ethane 
exhalation (p<0.05) and kidney MDA production (p<0.01; Table 
5.9). Liver MDA production was unaffected by the iron 
chelating agent. Several of the pretreated mice excreted an 
orange-coloured urine during ethane collection similar in 
appearance to a solution of the ferrioxamine complex.
Fe NTA-st imulated ethane exhalation was significantly 
decreased (p<0.1) at high oxygen tension compared to that at 
atmospheric oxygen tension (Table 5.10). However, Fe NTA- 
stimulated ethane exhalation was also decreased at low oxygen 
tension. Endogenous ethane exhalation was approximately 
proportional, to the oxygen concentration in the chamber.
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Table 5.8
E ffec t of Furosemide on Iron Nitrilotriacetate-Induced Ethane 
Exhalation and Malondialdehyde Production in the Mouse
Ind iv idua l male m ice were given FeNTA (4mg iron /kg  body w t i.p .) 1.5 h a fte r  e ithe r 
furosemide (200mg/kg body w t) or saline i.p. and then placed im m ed ia te ly  in the chamber 
fo r determ ination o f ethane exhalation over 30 m in. MDA production was determ ined 35 
m in a fte r in jec tion  o f FeNTA as a measure o f tissue lip id  hydroperoxide content.
Urine volume Ethane exhalation MDA production
over 2 hours over 30 min (nm ol/g tissue)
P re trea tm ent (m l/l0 0 g  body w t) (nm ol/kg body w t) L ive r Kidney
Saline 0.4 + 0.5 285 + 24 66 + 10 218 + 40
Furosemide 5.8 + 0.9a 127 + 35a 63 + 20 149 + 77
Values are the means + S.E.M. o f 3-4 m ice. 
a, p < 0.01
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Table 5.9
Effects of Desferrioxamine on Iron Nitrilotriacetate- 
Induced Ethane Exhalation and Tissue Malondialdehyde
Production in the Mouse
Male mice were given Fe NTA (6mg iron/kg body wt) i.p. 1 h 
after either desferrioxamine B mesylate (267mg/kg body wt) or 
saline i.p. and then placed immediately in the chamber for 
determination of ethane over 30 min. MDA production was 
determined 35 min after injection of Fe NTA.
Ethane exhalation 
over 30 min
Pretreatment
(nmol/kg body wt)
Saline 316 + 64 68 + 10 238 + 26
a
Desferrioxamine 159 + 19 65
CM 
+ 
1 96
b
+ 12
Values are the means + S.E.M. of 4 mice.
a,p< 0.05; b , p < 0.01 with respect to t hecon trol group
MDA production 
(nmol/g tissue)
Liver Kidney
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Table 5.10
Endogenous and Iron N itrilotriacetate-stim ulated Ethane 
Exhalation in Mice at D ifferen t Oxygen Tensions
Ind iv idua l male m ice were in jected  w ith  e ither saline or FeNTA (4 mg 
iron /kg  body w t) and placed im m edia te ly  in the chamber to determ ine 
ethane exhalation over 30 m in. The oxygen tension was m ainta ined at 8, 21 
or 34% by a contro lled  in flu x  o f n itrogen and oxygen over 30 m in at 
atmospheric pressure.
Oxygen content 
(%)
Ethane exhalation over 30 min 
(nm ol/kg body w t)
Endogenous F eNT A -s tim u la ted
21(control) 11 + 2 358 + 42
8 5 + 2a 314 + 97
34 17 + l a 233 + 49a
Values are the means + S.E.M. o f 4 m ice.
a, p < 0.1 compared to the con tro l group.
173
Discussion
Determinations of rat tissue total glutathione 
concentrations, using the rate of reaction with Ellman's 
reagent (DTNB), in the kinetic enzyme-linked assay of Owens 
and Belcher, 1965, were unacceptably low compared to most 
reported values (Akerboom and Sies, 1981). Preliminary 
investigations indicated that a component in rat tissue 
homogenate was partially inhibi ting the activity of 
glutathione reductase, which is added to the assay mixture 
with NADPH to maintain a constant concentration of GSH. A 
more reliable estimation was obtained using modifications of 
the original method, described by Eyer and Podhradsky, 1986, 
to overcome this problem. Similarly GSSG determinations were 
performed using 2-vinylpyridine rather than N-ethylmaleimide 
(NEM) to mask GSH as NEM also inhibits glutathione reductase 
activity (Griffith, 1980).
Some preliminary determinations of GSH (which is 
approximately equal to total glutathione under normal 
conditions; Akerboom e t al., 19 82 ; Me i s te r and Anderson,
1983) made by measuring the fluorescence, after separation by 
HPLC, of the monobromobimane derivative by the method of 
New ton et al., 1981, confirmed the accuracy of the modified 
kinetic method. This monobromobimane method in particular, 
is considered the best method for measuring tissue GSH 
concentrations after BSO-induced depletion by some workers 
(Minchinton, 1984).
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As BSO, unlike phorone, had no effect on hepatic 
glutathione transferase activity in the rat, and similar 
results have been reported for the mouse in the conjugation 
of chloro-nitrobenzenes (Drew and Miners, 1984; White et al., 
19 84), it was preferentially used to deplete glutathione in 
the later experiments. Indeed, some agents used 
experimentally to deplete glutathione by conjugation can 
induce lipid peroxidation when administered alone e.g. 
diethylmaleate (DEM) in liver (Casini e_t al'.., 19 85) and
Kidney (Os tra un thaler e t al., 19 83). BSO has been reported to 
increase hepatic lipid peroxidation only after chronic 
administration to rats (Kera et al., 1985). There is some 
evidence that acute BSO-induced glutathione depletion does 
effect the concentrating capacity of the perfused rat kidney, 
but not as much as does DEM (Brezis et al., 19 83).
Maximum depletion of glutathione by BSO is reported to 
occur at 2 hours in kidney, and at 4 hours in liver in rat 
and mouse (Griffith and Meister, 1979: Griffith, 1982;
Minchinton e_t aly, 19 84). This is to be expected because, as 
BSO inhibits synthesis it will deplete glutathione at the 
greatest rate in the tissue with the highest turnover, namely 
the kidney (Meister and Anderson, 1983).
BSO pretreatment was given at earlier times in the rat 
than the mouse when administered prior to Fe NTA, to deplete 
glutathione in rat tissue to a similar extent as in mouse 
tissue at the site of maximum MDA production in each species 
(See chapter 3, pages 98 and 101; tables 3.2 and 3.4). Prior
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administration of BSO probably increased Fe NTA-induced lipid 
peroxidation, as indicated by the increased ethane exhalation 
and tissue MDA production, by several possible mechanisms. In 
mouse kidney, following administration of a low dose of Fe 
NTA with BSO pretreatment, or a high dose of Fe NTA alone 
(in the case of the mouse), total glutathione concentrations 
were below the apparent Km f o r GS H for selenium-dependent 
glutathione peroxidase (Pierce and Tappel, 1978). 
Subsequently the enzyme wou1d\have been less effective at 
removing the produced by Fe NTA.
Similarly, low GSH concentrations may have been 
responsible for limiting the non-selenium-dependent 
glutathione peroxidase activity of cytosolic glutathione 
transferase isozymes 1-1, 1-2 and especially 2-2 towards
lipid hydroperoxides. These glutathione transferases are 
known to be induced during selenium deficiency (Mehlert and 
Diplock, 19 85), and similar enzymes are present in rat kidney 
(Guthenburg, 1985), although there are doubts about the
physiological substrate of these enzymes in mouse liver 
(Cikryt et a_l., 19 82). Moreover, isozymes 3-3, 3-4 and
especially 4-4 are reactive towards lipid peroxidation 
products like 4-hydroxy alkenalc (Alin c^ t , IOCS;
Ishikawa, e t a^., 1986), which are more toxic during
glutathione depletion (Cadenas et, al., 1983). The isozymes 4- 
4 and 5-5 seem particularly stable to oxidative damage (Aniya 
and Anders, 1985).
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Further, the activities of the protective microsomal 
glutathione transferase (Burk, 1983) and the as yet 
uncharacterised cytosolic g lu ta th ione-dependent protective 
factor (Gibson e t a 1., 19 85) may have been partially
decreased by glutathione depletion. Lastly, GSH undergoes 
non-enzymic reactions with several toxic electrophiles which 
may be important for protection in vivo.
A high dose of Fe NTA (with respect to the mouse) 
depleted total glutathione in mouse kidney to levels similar 
to those seen after BSO administration. In rats and mice 
generally, a low dose of Fe NTA following BSO pretreatment, 
produced effects of similar magnitude to those of a high dose 
of Fe NTA without prior glutathione depletion. Therefore, by 
depleting the glutathione protective capacity BSO enhanced 
the toxicity of Fe NTA .
Whether lipid peroxidation is the cause or an effect of 
tissue damage induced by the prior administration of 
glutathione-depleting agents before toxic electrophiles is 
controversial (Mitchell e_t a_l., 1981). However, it is
possible that a threshold concentration of tissue glutathione 
must be reached before irreversible lipid peroxidation 
induced-damage occurs (Younes and Siegers, 1981; Casini et 
al., 1985). It seems unlikely that direct covalent binding is 
involved in Fe NTA toxicity because NTA at least is excreted 
unchanged in the urine.
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In mouse kidney the large dose of Fe NTA may have 
depleted glutathione by producing active oxygen species or 
indirectly, lipid peroxidation products, which (unlike BSO) 
inhibited glutathione synthesis non-specifically. As 
7-glutamyl transpeptidase, an enzyme of the 7-glutamyl cycle 
(Meister and Anderson, 19 8 3), is a membrane protein with 
activity predominantly on the lumenal side of the proximal 
convoluted tubule epithelium (the site of histologically 
observable Fe NTA-induced damage), and was rapidly inhibited 
by acute FeNTA administration (see chapter 3, page 104; table 
3.6), it seems a likely target for inactivation. 
Alternatively, membrane proteins, as yet uncharacterised, and 
involved in glutathione transport, might be inactivated by Fe 
NTA administration.
In preliminary investigations no glutathione was 
detected in the urine of Fe NTA-treated animals, but this 
might have been expected as amino acids (Hamazaki et al., 
1985) and 7-glutamyl transpeptidase (see chapter 4, page 13 4; 
table 4.7) are present in the urine of Fe NTA-treated rats as 
a result of its deleterious effects on the proximal 
convoluted tubules' brush border membrane.
GSSG produced during the removal of and lipid
peroxidation products by glutathione peroxidase and 
glutathione transferase, may have exceeded the capacity of 
the NAD PH-1 i nke d glutathione reductase-catalysed reduction, 
and subsequently was actively exported from the cell 
(Nicotera e t a1., 19 85a) to avoid its possible deleterious
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effects on essential protein thiol groups (Brigelius et al., 
1983). The calcium-dependent ATPase is thought to be 
particularly susceptible to such effects (Nicotera et al., 
1985b).
In liver, GSSG export is thought to occur across the 
hepatic biliary canalicular membrane in response to oxidative 
stress (Akerboom et al., 19 82). Glutathione depletion by
diethylmaleate is known to increase GSH turnover in rat liver 
in vivo (Lau terburg et al., 19 80), in contrast to BSO which 
decreases GSH turnover (Galinsky, 1986). At relatively low 
concentrations DEM can actually increase GSH concentrations 
in isolated hepatocytes by stimulating cystine uptake by the 
membrane transport System x” (Bannai and Tateishi, 19 86). A 
similar phenomenon may explain the increase in liver total 
glutathione following administration of the low dose of Fe 
NTA alone to the rat, although physiological concentrations 
of methionine usually enable hepa tocytes to maintain their 
GSH concentration at an optimum (Vina et. al., 1978), there is 
evidence that cysteine uptake is less susceptible to 
oxidative stress than methionine uptake (Hôgberg et al., 
1980).
The failure to observe an increase in endogenous ethane 
exhalation with induction of vitamin E-deficiency (in mice in 
the first 115 days on the diet) was in contrast to the 
findings of Dillard e_t a_l., ( 19 7 7) and those of Lawrence and 
Cohen., ( 19 82). This was compounded by the lack of a clear
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difference in the rate of erythrocyte haemolysis previously 
reported (Draper and Csallany, 1969) over this period, which 
was expected because Œ-tocopherol is the predominant 
antioxidant in red blood cell membranes (Burton, et al., 
1983). The lack of a significant increase in iron-induced 
alkane exhalation in contrast to the findings of Dougherty et 
al., (1981) and Dillard ejt a_l., ( 19 83 ) or tissue MD A
production in mice fed the vitamin E deficient diet for 115 
or 200 days also supported this contention. Unless of course 
Fe NTA promotes lipid peroxidation iri vivo by a mechanism 
different from other iron compounds, a mechanism which is in 
effect independent of vitamin E, but this seems extremely 
unlikely. An increase in the Fe NTA-induced lipid 
peroxidation iji vivo was not even elicited by BSO 
pretreatment of the mice fed the vi tamin-E deficient diet 
(compared to BSO pretreated mice fed the control diet given 
Fe NTA). Indeed, glutathione depletion seemed to reduce the 
effects of Fe NTA in these animals.
Cytosolic reductants such as glutathione and vitamin C 
can reform a-tocopherol from chromanoxyl radicals (Niki et 
• ' 19 82 ; McCay, 19 85), which may explain why heat-labile, 
GSH-depe.nde.n t protection against hepatic microsomal lipid 
peroxidation is not effective in rats fed vitamin E-deficient 
diets (Reddy e_t a_l., -19 8 2), such that animals with chronic 
vitamin E deficiency might show less susceptibility to Fe NTA 
during glutathione depletion than vitamin E replete animals 
if they had adapted to the deficiency. However, some studies
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indicate GSH-dependent protection is.independent of vitamin E 
(Hill and Burk, 1984).
The 29% induction of hepatic glutathione transferase 
activity towards CDNB, in mice fed the diet additionally 
supplemented with 4 0 0 0 ppm BHT for 115 days, compared with 
the activity in mice fed the control diet indicated that the 
antioxidant was entering the tissues. This might explain the 
trend towards decreased lipid peroxidation _in vivo following 
Fe NTA administration to these animals. However, a similar 
protective effect of BHT was not evident following tert-butyl 
hydroperoxide administration. Endogenous membrane antioxidant 
and cytosolic thiol levels are probably at optimal 
concentrations in animals maintained on nutritionally- 
sufficient diets, so that exogenous antioxidant affords 
little extra protection unless they can react directly at 
some earlier stage in the toxic event.
The greater rate of erythrocyte haemolysis and Fe NTA- 
induced kidney MDA production in mice fed the vitamin E- 
deficient diet for 200 days may have indicated that tissue 
tocopherol levels were becoming sub-optimal in providing 
protection against lipid peroxidation. However this 
conclusion was not confirmed by increased ethane exhalation. 
Further, the difference in Fe NTA-induced kidney MDA 
production was associated with the uncharacteristically low 
levels in the mice fed the control diet, which would indicate 
the susceptibility to Fe NTA-induced lipid peroxidation in 
vivo in mice decreased with age. The drawing of an accurate
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conclusion as to the effect of vitamin E—deficiency must 
await determination of the vitamin E content of the stored 
mouse tissues. The present evidence (significant difference 
in the rate of haemolysis at 20 0 days) is insufficient to 
ensure induction of a deficiency.
The possibility arises that the assay of thiobarbituric 
acid-reactive material was measuring MDA production iri vitro, 
which might have been limited by the antioxidants, 0£- 
tocopherol or BHT, when they were present in the homogenate. 
Addition of exogenous BHT inhibits lipid peroxidation during 
the assay (see chapter 3 page 95; Tanegras, 1983, Mihara and 
Uchiyama, 1983) and the endogenous antioxidant vitamin E has 
a similar effect. This could explain the poor relationship 
observed between alkarie exhalation and MDA production 
observed in some of the dietary experiments. Such results 
cast doubts about the validity of conclusions drawn when 
using the thiobarbituric acid-reactive assay for measuring 
lipid peroxidation in vivo, especially when increases are 
seen without a proportional increase in ethane exhalation. In 
defence of the assay it should be noted that during the 
glutathione-depletion experiments previously reported, tissue 
MDA production was independent of either the total 
glutathione concentration or the dose of iron given, (and 
subsequently present in the homogenate) when all the animals 
were considered. This indicated that the amount of MDA 
production observed was independent of the amount of iron or 
GSH that is present in the homogenate in vitro.
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Furosem ide, a loop diuretic, decreased Fe NTA-induced 
lipid peroxidation i n vivo in mouse kidney. A similar 
protective effect by induction of a high urine flow has been 
seen towards BgCl^-induced renal failure (Thiel et al., 
1976). This indicates that the susceptibility of the kidney 
towards Fe NTA may be due in part to its capacity to 
concentrate Fe NTA in the proximal convoluted tubule. 
Interestingly, the degree of polyuria seems greater in the 
rat (see chapter 4, page 134; table 4.7) than the mouse 
(results not shown) following acute administration of Fe NTA, 
indicating that the di fference in susceptibility to kidney 
damage between the two species may be related to the degree 
of Fe NTA concentration occurring in the lumen of the 
proximal convoluted tubule. Prior administration of 
furosemide before Fe NTA resulted in no change of liver MDA 
production as expected. The effects of BSO administration 
were not investigated during furosem ide administration as 
furosem ide itself can lead to damage and alkane exhalation 
when glutathione is depleted (Mitchell et al., 1981).
Desferrioxamine also decreased Fe NTA-induced ethane 
exhalation and also kidney MDA production as it had done in 
vitro (Ontter-ldge et. al., 1979; Yamanci ct aL., 19 82 ). This 
also indicates that the susceptibility of the kidney towards 
Fe NTA may be due in part to its capacity to concentrate the 
Fe NTA in the proximal convoluted tubule, as ferrioxamine is 
rapidly excreted by the kidney, and NTA promotes the removal 
of iron by desferrioxamine (Pollack and Ruocco, 1981).
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The decrease in Fe NTA-stimulated ethane exhalation at 
high oxygen tension was expected because, once lipid 
peroxidation has been initiated, oxygen scavenges ethyl 
radicals producing non-volatile products (Cohen, 1982). There 
is an inverse relationship between alkane and MDA production 
during lipid peroxidation i n v i tro with different oxygen 
concentrations (Kostrucha and Kappus, 19 86). Such an effect 
should not be confused with the oxygen—dependence of 
halogenated hydrocarbon-stimulated ethane exhalation (Kieczka 
and Kappus, 19 80), which is primarily a result of the 
inhibition of reductive cytochrome P-450 metabolism (De Groot 
and Noll, 1984; Dürk and Frank, 19 8 4). Failure to observe a 
corresponding increase of Fe NTA-stimulated ethane exhalation 
at low oxygen tension indicates other factors were important 
lE. vivo such as respiratory rate. This might explain the 
effect the oxygen tension had on endogenous ethane 
exhalation.
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CHAPTER SIX
FINAL DISCUSSION
The present studies have shown that the detection and 
quantification of exhaled hydrocarbons derived from lipid 
peroxidation _in vivo require effective collection and 
sampling of the gases and sensitive chromatographic analysis. 
Any conclusions drawn from the nature and quantity of gases 
formed must cons ide r their likely source and subsequent 
metabolism, for correct interpretation. The rate of 
re-inhalation and subsequent metabolism of exhaled gases in 
particular, may be affected by the techniques used to capture 
and measure the hydrocarbons.
The system described uses optimised chromatography as an 
alternative to selective trapping, to detect and quantify 
exhaled hydrocarbons. Although the apparatus is capable of 
monitoring the production of several alkanes, ethane 
determination is recommended an an index of lipid 
peroxidation _in vivo, as it is metabolised only slowly. The 
determination of exhaled propane is suggested as a non- 
invasive method for investigating protein peroxidation in 
vivo for similar reasons. Conversely monitoring the rate of 
metabolism of inhaled pen ta ne standards can be used to 
monitor liver function _in vivo.
It is otten preferable to study au toxida tion in vivo 
rather than perform experiments i_n vitro as the former are 
less susceptible to a rtefactual results. Further the non- 
invasive nature of monitoring alkane determination makes it 
ideal for chronic as well as acute studies. Monitoring 
exhaled hydrocarbons as a measure of lipid peroxidation in
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man has been reported (Wade et al., 19 85). Determining the 
quantity of ethane exhaled by rats and mice following Fe NTA 
administration provided the most sensitive means of detection 
of lipid peroxidation in vivo. Indeed the amount of ethane 
exhaled over a selected collection period showed good 
correlation with the susceptibility of tissues to increased 
production of MDA over a range of doses of Fe NTA. This 
further confirmed the validity of determining exhaled ethane 
as a measure of Fe NTA-induced lipid peroxidation in vivo.
Fe NTA appears to be one of the most potent initiators 
°f lipid peroxidation in vivo as determined by subsequent 
ethane exhalation, and provides an interesting model of iron- 
dependent oxygen toxicity. Although Fe NTA-induced radical 
production and lipid peroxidation have now been studied by 
several methods, it might help to clarify its effects by 
using all the available methods in a concerted study in one 
laboratory. Further information could be gained on the 
importance of factors operating in vivo by a comparison 
with the effects of Fe NTA in in vitro systems.
It is possible that the Fe NTA complex could play some 
part in the observed urinary tract toxicity and 
tumour igenici ty of NTA following dietary administration of 
NTA, if the NTA complexes with endogenous iron in vivo. The 
present views on NTA toxicity are that it is due to the 
mobilisation of endogenous zinc and calcium by complex 
formation _in vivo (Anderson et al., 19 82 ; Anderson et al., 
19 85). It would be informative to investigate the bladder
187
toxicity of calcium NTA (Anderson and Kanerva, 19 78), the 
nephrotoxicity of zinc NTA (Anderson, 1981) and the
hepatotoxicity, nephrotoxicity and central nervous system 
toxicity of aluminium NTA (Ebina £t al_., 1984) complexes with 
the alkane apparatus. Aluminium, calcium and zinc do not 
possess variable oxidation states. So unlike iron which can 
readily reduce C>2 they are unlikely to promote oxygen 
activation and lipid peroxidation in vivo. However calcium 
(Gutteridge, 19 77) and aluminium (Gutteridge et al., 19 85) 
are known to perturb biological membranes facilitating iron- 
initiated lipid peroxidation. Desferrioxamine is also used to 
treat aluminium-overload in dialysis patients such that its 
effects when co-administered with Al NTA would also be of 
interest. The toxicity of these Al, Ca and Zn complexes with 
NTA might be caused by substitution of endogenous iron for 
the original metal in the complex i_n vivo. Alternatively, NTA 
probably has the capacity to load transferrin with aluminium 
as well as iron. Aluminium might then be delivered to 
previously unreachable, but particularly susceptible, sites 
by the mediation of transferrin, and thus manifest a site- 
directed toxicity by a unique mechanism.
The role of transferrin-loading in Fe NTA toy i ci.ty could 
be studied by investigating the effects of administering the 
homologous ferric chelates of citrate, bicine ( N-(2- 
hydroxyethyl)iminodiacetic acid; DHEG) and ethanol diglycine 
(N-(2-hydroxyethyl)iminodiacetic acid; HEIDA) which load 
transferrin in the order HEIDA > NTA > DHEG > citrate, with
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respect to rate (Zapolski and Pr inciotto, 19 80). Admittedly 
though, even if the iron (III) complexes were found to vary 
in toxicity in a similar order, it could be due to the 
effects of ligand substitution on radical production, and 
consequently be independent of the rate of transferrin 
loading.
Preliminary investigations indicate that the prior 
administration of BSO before a 1 ow dose _Fe NTA to mice 
resulted in histologically observable damage similar to that 
seen in mice after receiving higher doses of Fe NTA alone. As 
the histological response in male and female mice also 
paralleled the differences in lipid peroxidation seen between 
the sexes after Fe NTA, it seems reasonable to assume that 
the desferrioxamine and the furosemide pretreatment 
experiments and indeed, any future experiments which alter Fe 
NTA-induced lipid peroxidation will have related and 
predictable effects on the histologically observable kidney 
damage. This further substantiates the use of alkane 
exhalation in the study of au toxida tive tissue injury in 
vivo.
Orchidectomy, or administration of flu tarn ide, a renal 
cortical androgen receptor blocker, decreases chloroform 
toxicity in the male mouse, while testosterone administration 
increases chloroform toxicity in the female. Likewise, it 
would be possible in future experiments to investigate the 
effects of sex and strain on Fe NTA-induced lipid 
peroxidation in the mouse in more detail. Similarly, the rat
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and any other rodent species which the chamber can accomodate 
could be used to investigate sex differences. It might be 
useful to investigate the effects of dietary vitamin E 
deficiency on Fe NTA toxicity in another species other than 
mouse e.g. the a sc orbu tic guinea pig (in association with 
vitamin C and selenium deficiency to enhance the depletion of 
Of-tocopherol). The role of glutathione in protecting against 
the toxicity of Fe-NTA could be further investigated by 
selectively inhibiting glutathione peroxidase with 
penicillamine or /3-mercaptosuccinate.
Whether xanthine oxidase or NAD PH cytochrome P-450 
reductase are required to reduce the iron in the NTA complex 
in v ivo before radical production can occur, could be 
investigated by studying Fe NTA-induced lipid peroxidation 
while modulating the activity of these enzymes. Xanthine 
oxidase could be inhibited in vivo experimentally by 
administration of allopur inol, and NAD PH cytochrome P-450 
reductase activity could be induced by phenobarbitone 
administration. Xanthine oxidase activity could even be 
enhanced by poly-ribosinosinic acid-poly-r ibocyt idylic acid 
injection (Koizumi e t a1., 19 8 6 ) while simultaneously
decreasing. P-45 0 activity. Inhibition of xanthine oxidase can 
easily be monitored _in vivo by co-ad ministering adenine, and 
following the subsequent development of 'adenine' kidney i.e. 
the deposition of 2,8-dihydroxyadenine spectrophotometrieally 
(Miyazaki et al., 19 82). Measurement of cytochrome P-450
activity has been described in chapter 4.
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Similarly, pheny1hydrazine-induced exhalation of 
hydrocarbons requires further study. Assuming ethane and 
propane are indices of lipid and haemoglobin peroxidation 
respectively, it would be interesting to study the way the 
ethane to propane ratio varies following administration of 
phenylhydrazine homologues such as hydrazine and 
acetylhydrazine (Burk and Lane, 19 79), and possibly
acetylphenylhydrazine (Jain and Hochstein, 1979) and ring 
substituted phenylhydrazi nes as well (Itano and Matteson, 
1982). The amount and stability of the aromatic radicals 
formed would vary with these homologues. It therefore would 
seem reasonable that the amount of activated oxygen species 
would also vary, and consequently their capacity to promote 
lipid and protein peroxidation would also differ.
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Appendix
Composition of animal diets
Control Vitamin E-deficient
Crude protein 21.5% 21.1%
Crude fibre 2.7% 4.7%
Moisture 8.8% 7.4%
Linoleate 0.94% 0.43%
Linolenate 0.08% 0.07%
Arichidonate 0.11% 0.10%
Methionine 0.39 % 0.35%
Cystine 0.28 % 0.29%
Ascorbic acid 6mg
0-Carotene 
Retinol1
0.08mg/kg
3.5mg/kg 2.5mg/kg
Riboflavin 6.6mg/kg 6 • 5mg/kg
(X-Tocopherol^ 16mg/kg 6mg/kg
Butylated
hydroxy toluene*3 125mg/kg 125mg/kg
Iron 100mg/kg 128mg/kg
Copper 15mg/kg 14mg/kg
Manganese 65mg/kg 66mg/kg
Selenium 0.10mg/kg 0.18mg/kg
Zinc 4 0mg/kg 36mg/kg
Notes
1. lug of retinol = 3.3 3 i.u. of vitamin A
2. Img of Œ-D-tocopherol = 1.49 i.u. of vitamin E
3. Some BHT is nearly always added to experimental 
diets at source to avoid rancidity.
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